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ERRATA 


Technical Publication 4120, “The Isochronal Performance Method of Determining 
the Flow Characteristics of Gas Wells,” by M. H. Cullender 
P. 141 — Col. 1. The second complete sentence in that column should be changed to 
read: “A satisfactory explanation for the existence of such a point has not been 
reached since there are other wells of comparable capacity producing from the same 
formation as the above well which perform over the full range of flow conditions with 
characteristic slopes less than 1.00.” 


Technical Publication 4003, “A Study of Waterflood Efficiency in Oil-Wet Systems,” 
by J. E. Warren and John C. Calhoun, Jr. 


P. 27——Col. 2, Table 4. Po (cm. Hg.) values are incorrectly listed. Proper Pp 
(cm. Hg.) listing, by Run Number, are listed below, 


Pp Pp 
Run No. (Cm. Hg.) Run No. (cm 
1 2.0 18 
2 2.8 19 1 
3 4.1 20 1 
4 5.0 2) 
5 2.3 22 1 
6 1.9 23 1 
if 2.4 24 1 
8 3.9 25 
9 4.6 26 
10 5.4 
1 351 28 1 
12 2.9 29 3 
13 4.0 30 2 
14 31 
15 32 5. 
16 33 
17 6 
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FOR EW ORD 


4 ele Transactions Volume represents the completion of another year of achieve- 

ments by the Petroleum Branch of the AIME and is a major contribution to the 
permanent literature of the petroleum industry. The 34 technical papers and 16 tech- 
nical notes contained in this volume have been selected carefully after a thorough 
review of all manuscripts submitted for publication and the papers presented before 
regional meetings and annual conventions. The Technology Committee, under its 
chairman, L. P. Whorton, and the Transactions Editorial Committee, under its chair- 
man, K. C. Howard, as well as all of the authors and reviewers, are to be compli- 
mented highly for their fine contributions of time and effort which are culminated in 
this volume. 


The technical literature of the petroleum industry presents an ever-changing and 
expanding group of subjects of vital importance to those of us whose livelihood de- 
pends upon such contributions of others. In an age of increasing technology and an 
industry of increasing specialization, it becomes more difficult to maintain the informed 
position which is necessary for the proper functioning of our jobs and for the con- 
servation of our natural resources and their economic utilization. 


In providing a ferum for the presentation of papers on the many subjects of petro- 
leum and geological engineering and in their publication in this volume, the Petroleum 
Branch is fulfilling its most important function. If we accomplished nothing else during 
this year of operation just past, our professional society would have served its purpose. 
New local sections have been added to an already impressive list and many more new 
members have accepted the duties and responsibilities of membership in this group of 
professional engineers. Improvements have been made in our organization, operations, 
and administration. Services have been expanded to local sections, members, and stu- 
dent associates. 


Full stature as professional engineers cannot be reached, however, until this volume 
and all other publications of the Petroleum Branch are universally recognized as the 
most authoritative source of technical information for petroleum engineers and geo- 
logical engineers in this industry. Such universal recognition cannot be attained with- 
out the continuing efforts of each and every member to encourage others to become 
associated for this common purpose, to contribute to all the members the solutions or 
advancements made in everyday problems, and to maintain the ideals of reliability and 
integrity which have been established. 


R. B. GILMORE, Chairman 
Petroleum Branch, 1955 


January 1, 1956 
Dallas, Texas 
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RADIOACTIVE TRACERS in OIL PRODUCTION PROBLEMS 


A. H. FLAGG LANE-WELLS CO. 
LOS ANGELES, CALIF. 
J. P. MYERS MIDLAND, TEX. 
MEMBER AIME 
J. L. P. CAMPBELL HOUSTON, TEX. 
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MEMBER AIME TULSA, OKLA. 


The development process for the use of radioactive 
tracers as a means of locating zones of permeability is 
discussed. The general techniques for the safe handling 
of radioactive materials is given as developed by the 
Lane-Wells Co. and Well Surveys, Inc. The problems 
and successes with tracers in waterflood systems, oil 
and gas injection profiles, fracture sand tracing, squeeze 
cement tracing, lost circulation, and cement top loca- 
tion are discussed and illustrated. 


The exact location of the permeable zones lying 
within the productive horizon has been a major prob- 
lem faced by the petroleum engineer for decades, and 
it has been a problem which has seldom been solved 
with certainty. Reservoir engineers usually have to in- 
corporate a question mark in their estimates of future 
reservoir performance because of blanks in the core 
data. Although the use of radioactivity or electrical 
logs for the estimation of porosity has been of great 
assistance in furnishing a record for the reservoir engi- 
neer, this application of logging data has not com- 
pletely solved the problem. In short, the industry needs 
an in-situ well surveying method which can locate and 
estimate the permeability of the zones existing within 
a given pay section. 

The initial development work with radioactive tracers 
has been towards filling the need for permeability in- 
formation. Progress to date permits the location of 
permeable zones with a qualitative estimate of their 


Discussion of this and all following technical papers is invited. 
Discussion in writing (3 copies) may be sent to the offices of the 
Journal of Petroleum Technology. Any discussion offered after Dec. 
31, 1955, should be in the form of a new paper. 

Manuscript received in Petroleum Branch office on Sept. 20, 1954. 
Paper presented at Petroleum Branch Fall Meeting in San Antonio, 
Oct. 17-20, 1954 and Pacific Petroleum Chapter Fall Meeting in 
Los Angeles, Oct. 7-8, 1954, 

References given at end of paper. 
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relative importance with respect to permeability. The 
calibration of the method is still incomplete, but pres- 
ent development work on tracer preparations, borehole 
effect correction factors, and instrument limitations give 
a promise of quantitative “permeability profiles” in the 
near future. 

The development work on the radioactive tracer 
method discussed here began several years ago in the 
laboratories of Well Surveys, Inc., in Tulsa. At the 
outset of this work, three approaches to the problem 
were visualized as follows: 

1. A fluid carrying a soluble, chemically inert, gamma 
ray emitting isotope is pumped down the borehole and 
out into the permeable zones of the formation. The 
greater gamma activity of the permeable zones thus 
permits them to be differentiated from the impermeable 
zones which contain no active tracer. 

It was found difficult to obtain a tracer material 
which was chemically inert. Absorption to some de- 
gree was noted in all experiments. Also, it proved 
impossible to hold the tracer near the borehole where 
it could be logged. 

2. A fluid carrying a soluble, gamma ray emitting 
isotope is pumped down the borehole into the per- 
meable formations. In contrast with proposal 1, above, 
the tracer is chemically active with the fluids and 
materials in the pore spaces of the permeable zones. 
The permeable zones are thus indicated by their higher 
radioactivity level. 

The main difficulty in this proposal was finding a 
tracer material which would not be absorbed by shale 
as well as in the permeable porosity. Very little field 
work was done with this system. 

3. Radioactive particles suspended within the in- 
jection fluid are pumped down the well. As the fluid 
enters the permeable formations, the radioactive par- 
ticles are filtered out on borehole wall. The permeable 
zones are differentiated from the impermeable by the 
gamma ray activity deposited on the formation wall. 


Successful results were obtained from the very first 
experiment. Whereas in proposals 1 and 2 the chemical 
nature of the tracer material was critical, in 3 this 
problem was solved by preparing an inactive com- 
pound and then depending on the physical nature of 
the tracer for its success. In this respect, though, there 
are several practical limitations controlling the field 
application of proposal 3. 


1. The borehole must be free of mud and the mud- 
cake must be removed from the well face. 


2. The flow rate down the well must be higher than 
the settling rate of the largest particles. 


3. The particle size must be fairly large. Small par- 
ticles tend to flow into the formation rather than filter 
out on the well face. In general, particles which pass 
through a 200 mesh are quite often found to be too 
small. There appears to be no drastic limitation on 
the maximum particle size which can be used pro- 
vided the density of the particles, and the viscosity of 
the fluid used is such that the settling rate attained 
is much slower than the flow rate down the well. 


4. The radioactive material must remain with the 
carrier particle after filtering out on the well face. 
The tracer preparation should allow this no matter 
how the injection fluid has been treated. 

To date, this method has been found useful in the 
following applications: (1) the determination of per- 
meability profiles on water injection wells; (2) the 
evaluation of perforating jobs; (3) the evaluation of 
formation fracturing treatments; and (4) the location 
of leaks through casing and of thief zones behind pipe 
which are taking fluid through casing leaks. 

Many other problems encountered in petroleum pro- 
duction are also amenable to the use of radioactive 
tracers as a source of information leading to suc- 
cessful remedial measures. These involve investigations 
regarding corrosion problems, gravel pack migration 
or plugging, fracture sand locations, fluid interface 
markers, and possibly many others. There are 24 dif- 
ferent radioisotopes suitable for oil well tracer logging, 
by reason of their gamma radiation and ready avail- 
ability. The seemingly infinite variety of chemical and 
physical preparations using these radioisotopes should 
allow their use in many applications not yet considered. 


OIL FIELD TRACER SAFETY 


Tracers for oil field use range from 1 to 2 millicuries 
for waterflood injection profiles to 100 millicuries or 
more for interwell tracers. Injection profile units or 
sand tracer units yield a radiation intensity of 40 to 
200 milliroentgens per hour adjacent to the container. 
They may be handled safely with gloved hands alone 
providing a time limitation is observed. The time neces- 
sary for handling the tracer unit is of the order of a 
few minutes at the most so that radiation exposures are 
well below the 50 milliroentgen per day limit. 

These very low radiation exposures in the field have 
been maintained by laboratory preparation and canning 
of the tracer units for shipment to the field and the 
field use of injection equipment designed for these 
canned tracer units. The ingestion hazard is also elim- 
inated by the use of this special injection apparatus 
and the handling technique established for these opera- 
tions. 

The canned tracer units are opened in the field and 
the tracer immediately injected into the well by such 
means as a truck mounted mixing tank and pump unit, 
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a manifold arrangement attached to the regular injec- 
tion line, or a dump bailer which allows placement of 
the tracer just above the zone of interest. 

The mixing tank and pump unit may be used under 
most conditions, but is most useful when no well site 
pump facility is available. With the mixing tank about 
two-thirds full the tracer unit is emptied into the tank 
in less than one minute handling time. Consequently, 
the radiation dosage received is negligible. After adding 
the tracer, the tank cover is replaced and all further 
operations are performed at the engine and valve con- 
trols. 

The manifold tracer injector is used in conjunction 
with pump systems already at the well. The tracer can, 
unopened, is inserted into a chamber where two pierc- 
ing elements open the can to the injection flow line. 
The main valve is closed, and two bypass valves 
through the chamber are opened to allow the injec- 
tion fluid to wash through the can and carry the tracer 
into the well. After injection of the tracer the main 
valve may be opened and the bypass valves closed to 
allow the continuing injection of fluid without restric- 
tion of flow. 

A dump bailer, utilized for down hole placement of 
the tracer, is a standard cement dump bailer. The 
tracer unit is washed out of the can through a funnel 
into the dump bailer as it hangs suspended over the 
well. The bailer is then lowered to the desired depth 
where the tracer is injected. The tracer handling is 
completed in less than one minute. 

Safety equipment used in tracer operations is car- 
ried to the job in kit form. This safety kit contains 
the following items in a compartmented aluminum car- 
rying case: 


1. Dosimeters and charger for personnel exposure 
measurements on a daily basis. 


Film Badges for personnel exposure measure- 
ments on a weekly basis. These film badges also 
serve aS permanent exposure records. 


3. Low level survey meter for radioactive contam- 
ination location. 


4. High level survey for monitoring operations in- 
volving larger radiation intensities. 


5. Gloves, respirator, and goggles for personnel pro- 
tection. 


Other tools and safety items are generally used in 
tracer jobs in the field. These include such items as: 
a shovel, water supply, containers for radioactive waste, 
and material suitable for decontamination procedures. 


RADIOACTIVE TRACERS IN OIL PRODUCTION 


INJECTIVITY PROFILES 
WATERFLOOD INJECTION PROFILE 


The successful application of radioactive tracers for 
injection and permeability profiles in waterflood opera- 
tions has been amply demonstrated”. The problems 
of carrier particle size and tracer fixing on the particle 
occasionally requires multiple logs for reliable injec- 
tivity information. 

Fig. 1A is an example of the effect obtained when 
the tracer material enters the formation and exceeds 
the detection range of the instrument. The tracer was 
located by making multiple runs as it entered the open 
hole. The tracer material used was % Ib of 50 to 100 
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Fic. 1A — TRACER PARTICLE Loss. 


mesh resin activated with 1 millicurie of Iodine 131. 
On the left is a combination gamma ray and neutron 
log indicating the lithology as a series of sand and shale 
members. To the right is the base gamma ray log run 
prior to injection. Run No. 1 shows the tracer slug 
entering the open hole. Run No. 2, 14 minutes later, 
shows a smaller slug with the leading edge at 1,420 ft 
and the trailing edge at 1,360 ft. Run No. 3 shows 
the slug considerably reduced and indicates that the 
tracer material is entering the formation. Run Nos. 4, 
5 and 6 (4 and 5 not shown) verify this fact for none 
of the material has appeared below 1,426 ft. 

The other problem, more commonly encountered in 
water floods with a high salt content, is shown by Fig. 
1B. With continued injection the isotope is washed off 
the particle and carried back into the formation with 
the injected water. Note that the tracer does build up 
somewhat in contrast to the prev‘ous case of the par- 
ticles being carried back into the formation. This effect 
may be recognized by the relatively slow decrease in 
log amplitude as compared with the case where the 
carrier particles are being lost to the formation. 


Various “fixing processes” for resin carrier particles 
are now being investigated. Partial success has been 
attained by forming an insoluble precipitate of the 
radioactive element within the resin. This results in the 
tracer going into solution at a much slower rate. The 
desired tracer preparation, though, is one which will 
hold the radioisotope permanently in the resin. The 
tracer can then be injected at any convenient time and 
logged in one run over the injection interval to give 
the complete picture of the injectivity profile. This 
particular problem is avoided in waterflood studies by 
the use of a radioisotope carried by powdered charcoal. 


OIL INJECTION PROFILE 


Oil injection profiles are being utilized to study many 
problems and well conditions. One such study makes 
use of an injection profile with radioactive oil tracers 
before and after fracture treatments to ascertain which 
zones were fractured and measure the effective per- 
meability changes. 

The procedure followed in obtaining the results repre- 
sented in Fig. 2 was to inject with the oil a 1 millicurie 
unit of Iodine 131 activated resin. An injection profile 
was run in 43%4-in open hole through 2-in tubing with 
a packer set in 5%-in casing. The tracer logs were 
obtained with a 134-in diameter counter type instru- 
ment. 

Fig. 2 shows the combination gamma ray and neu- 
tron log run previous to treatment and the two tracer 
surveys. The apparent high porosity on the neutron 
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Fic. 1B — TRACER WASHING EFFECT. 


between the casing seat and 5,430 ft is due to a change 
from 7%-in open hole to 4%-in. This is a neutron 
effect resulting from the change in the fluid volume 
between the instrument and the formation. The before- 
frac tracer survey shows the injection fluid entering two 
zones 5,422 to 5,430 ft and 5,436 ft to total depth. 
The log amplitude above 5,420 ft indicates some tracer 
still entering the open hole. The final equilibrium log 
was not obtained on this survey. The logging instru- 
ment was removed from the hole, and the well was 
then fractured and flushed. The after-frac tracer sur- 
vey, performed in the same manner as the first, indi- 
cates an increased permeability for the zone from 5,436 
to 5,440 ft. The upper zone from 5,422 to 5,430 ft 
shows an injectivity comparable to the before-frac 
indication. 
GAS INJECTION PROFILE 

Many repressuring projects are in operation using 
gas. To the authors’ knowledge it has been only re- 
cently that successful gas injection profiles have been 
obtained on such projects. In one field in West Texas, 
the production is from two zones, A and B. Zone B 
contains gas in gaseous phase while the Zone A gas 
is definitely in the liquid phase. In an earlier effort to 
determine the zones taking gas, one well was used to 
run a fluid type injection profile using oil for injection 
and an oil wet tracer preparation for the survey. The 
results of this oil injection profile, while valid as an 
indication of permeability to oil, were not ideal for 
indicating gas permeability. 

At a later date, a project was initiated to obtain 
injection profiles on four wells using gas. Well con- 
ditions consisted of 160 ft of 434-in open hole, 5%4-in 
casing, a Baker production packer and 2-in tubing. In 
the well to be described, 170,000 cu ft of gas per 
day at 550 psi was being injected. The wellhead was 
removed and a high pressure packing gland and lubmri- 
cator were installed to allow the 13%-in diameter gamma 
ray instrument to be put through the tubmg and log 
the open hole while injecting the gas. The tracer used 
was a laboratory synthesis of an oil soluble gas using 
Iodine 131 as the radioactive material. The tracer was 
brought to the well contained under pressure in a glass 
ampoule. Injection was accomplished by breaking the 
ampoule in a small cylinder and washing it into the 
main gas injection line with a high pressure of inert 
gas connected to the small cylinder. 

The tracer, being soluble in oil, is partially absorbed 
by the oil wet formation near the borehole wall. A 
sufficient proportion of the radioactive material thus 
remains near the borehole wall where the gas is enter- 
ing the formation to provide a good gas injectivity 
profile. 
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Fig. 3 is the profile obtained on one of the wells. 
Presented is the combination log and the base run 
gamma ray curve. Run No. 1 was obtained as soon 
as the tracer reached open hole and shows the tracer 
slug to be approximately 90 ft in length. Run No. 2, 
20 minutes later, shows the slug to have narrowed to 
40 ft and indicates the greater portion of the gas enter- 
ing Zone B from 4,680 to 4,730 ft. A third run, ob- 
tained 50 minutes after Run No. 2, shows very little 
change. Accordingly, it is felt that the difference in 
the Base Log and Run No. 2 indicates the zone taking 
the greater portion of the gas. 


WELL TREATMENT TRACERS 


Radioactive tracers may be used to a good advantage 
in many oil well treatment processes. The essential 
technique is to mix an appropriate tracer preparation 
with the well treatment material for future or concur- 
rent survey. Sand, treated to be radioactive, mixed 
with fracture sands (Hydra-frac, Sand-frac, Chem-frac, 
etc.) can reveal the exact zones of fracture in the well 
whether they be in permeable or non-permeable forma- 
tion. A radioactive solution mixed with the cement 
slurry for selective plugging can be used to locate the 
zone and extent of the cement travel. A radioactive 
solution mixed with well treatment acids is an excel- 
lent method of controlling and/or locating zones taking 
acid. Many others might be listed but the following ex- 
amples are typical: 


TRACERS FOR FRACTURE TREATMENTS 


Before any tracer processes for fracture treatments 
had been attempted, it was questioned whether the 
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Fic. 3 — Gas INJECTION PROFILE. 


active sand should be mixed with all of the propping 
sand or only the last 5 or 10 per cent of the total. 
While more experience is desirable before positive con- 
clusions can be drawn, the results of two early experi- 
ments indicate an advantage for the latter technique. 

Fig. 4A shows the log obtained with the tracer mixed 
with all of the sand. Note the relatively low amplitude 
of the tracer log as compared with the base log even 
though a total of 30 millicuries of Iridium 192 was 
used in only 3,000 lb of sand. The fluid used on this 
fracture job included a 15 per cent inhibited acid. The 
fridium 192 used to activate the sand was unaffected 
by this acid indicating a particular utility for the isotope 
of this chemically inactive metal. 

Fig. 4B shows a log obtained with the tracer added 
to the last 500 lb of sand of a total of 10,000 lb. In 
this case the tracer consisted of only 10 millicuries of 
Iridium 192. The resultant log is of such amplitude as 
to make a base log unnecessary. The base log in this 
illustration is comparable to the tracer log above 3,085 
ft depth. This is a definite advantage both with respect 
to the tracer and the logging costs. 

A further advantage to adding the frac-tracer to only 
the final part of the frac sand is the reduced radio- 
activity hazard. Regardless of the quantity of sand used 
a tracer of 10 millicuries appears to be sufficient for 
the job. 


PLUGGING AGENT TRACERS 


Plugging agents can be activated with radioisotopes 
so as to allow a measurement of the location and extent 
of the treatment. Fig. 5 illustrates the results obtained 
in tracing a cement squeeze job. The 35-ft sand zone 
between 2,965 ft and 2,930 ft was cased and then 
perforated from 2,948 ft to 2,946 ft with 12 holes. 
Approximately 5 millicuries of Iodine 131 in solution 
was mixed with 8 bbl of diesel fuel. This was used to 
mix 68 sacks of cement to squeeze the well. The well 
squeezed normally, with a final pressure of 3,000 psi. 
It is apparent from the tracer log that all of the sand 
section took cement. This could have been due to a 
poor original cement job on the casing. 


DRILLING AND COMPLETION PROBLEMS 


Two of the following illustrations of the use of radio- 
active tracers in drilling and completion problems were 
obtained using radioactive casing compound No. 60, 
a byproduct of radium and uranium refining. This 
material is suitable for the problems discussed, but 
because of its physical nature and long half-life of 
1,590 years this radioactive casing compound is lim- 
ited in the extent of its usefulness. The use of radio- 
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isotopes for these same problems has the advantages 
of a short half-life, allowing future radioactivity sur- 
veys uninfluenced by the tracer, and a more compact 
tracer unit which can be handled with much greater 
safety. 


LOST CIRCULATION” 


In the primary stage of drilling, thief zones or zones 
of lost circulation frequently hinder operations. Such 
zones can be traced and localized by a radioisotope 
added to the drilling fluid. This simple method, low 
in comparative cost, can save thousands of dollars 
compared to past methods and provide data useful 
in the drilling of offset wells or deepening operations 
in any given area. This drilling application example, 
shown in Fig. 6, is of a wildcat well in San Patricio 
County of South Texas, which penetrated the Lower 
Frio where circulation was lost below the conductor 
pipe in 1,100 ft of open hole. 

A frangible disk type bailer laden with a mixture of 
0.45 millicuries radioactive casing compound No. 60 
and viscous mud was lowered on a wire line to a point 
within the casing. The disk was shattered by a blasting 
cap and the bailer withdrawn leaving the radioactive 
mud in position. The gamma ray instrument was then 
lowered through the radioactive slug, and positioned 
at a point several hundred feet below. The mud column 
and the tracer slug were pumped downward passed the 
instrument at various times as the latter was contin- 
ually lowered until no reaction was experienced. A 
gamma ray log of the region was then made which 
located the zone of entry in the open hole. Successive 
runs of the instruments are shown and, by correlation 
with the electric log, it was evident that the tracer was 
entering the sand above 8,260 ft. After remedial meas- 
ures had been performed and drilling continued for a 
short time, circulation was again lost. The above proce- 
dure was repeated with 0.9 millicuries of radioactive 
casing compound. This second survey is shown in Fig. 
6. The same zone was found to be taking the mud. 


CASING LEAKS 


Casing leaks can be located by radioactive tracer 
techniques if the material can be pumped down the 
hole on top of a plug or into open hole. The flaws or 
breaks in the pipe or collars, if they allow a passage 
to the injection fluid, will normally concentrate particle- 
type tracers so as to permit detection with radioactivity 
logs. 
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The results shown in Fig. 7 are from a water injec- 
tion profile survey. The two zones taking fluid through 
casing leaks at 2,326 ft and 2,396 ft show up prom- 
inently although most of injection was in the open hole. 


CEMENT TOP LOCATION 


Fig. 8 shows the results obtainable using a radio- 
active additive to cement for cement top location. In 
this particular case 20 lb (0.6 millicuries) of radio- 
active casing compound No. 60 was added to the first 
few sacks in the cementing of the original oil string. 
After the cement had set, a 434-in bit was run to bot- 
tom to condition the mud and check the plug. No 
scraper was run. Correlation between the radioactivity 
log and the potential curve of the electrical log showed 
the clear definition of the cement top at 5,039 ft. This 
correlation method was used since no gamma ray base 
log was available. The 13-ft spread between the high 
and low radiation at the cement top can be accounted 
for by a depth constant (logging speed times time con- 
stant) of 40 in and a detector length of 36 in. Also, a 
few feet of gradient to the tracer material could ac- 
count for some of the effect. It is noteworthy that, in 
spite of the trailing of the tracer material below the 
cement top, the sands shown by the electric log are 
clearly evident on the gamma ray tracer log. These 
sands are shown in heavier lines on the tracer log. 
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By using a radioisotope of about 5 millicuries a much 
finer resolution would be obtainable since an instru- 
ment having a shorter detector could be used for the 
tracer location. Also, using a short lived radioisotope 
such as Iodine 131 with an eight-day half-life, a nat- 
ural gamma ray log could be obtained at any time 
after about seven weeks. Fig. 5, previously discussed, 
shows an example of Iodine 131 added to cement. 


CONCLUSIONS 


Radioactive tracers in their present state of develop- 
ment and field use add to established logging services 
a superior method of answering certain subsurface 
problems. They also add a very detailed picture of sub- 
surface phenomena which, the authors feel, are less 
conclusively defined by temperature and spinner type 
surveys. Radioactive tracer logging not only supple- 
ments the older techniques but also adds considerably 
to the available tools of the petroleum industry. 
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A_ series of both water and gas pattern floods was 
made in the laboratory to study the oil recovery per- 
formances of such operations. These tests were con- 
ducted on consolidated sandstone models, using oil, 
water, and gas. The model floods were scaled to repro- 
duce field performance under gas and water five-spot 
injection. X-ray shadowgraphs permitted observation of 
the gross fluid movement within the models. 

A method was developed for applying the mobility 
ratio concept to water flooding and dispersed gas drives 
in a five-spot well pattern. The areal sweep efficiency 
at breakthrough for dispersed gas drives is much higher 
than previously expected, lying in the range of 50 to 
100 per cent. 

A method is presented for predicting the water-oil 
ratio performance of five-spot pattern water floods in 
uniform sands. This method is verified experimentally 
for the condition of no free gas initially present and 
for values of gas saturation normally encountered in 
fields following depletion operations. Production per- 
formance for pattern gas injection is also predictable 
by this method. 


In field pattern water flooding or dispersed gas in- 
jection operations, the displacing fluid (water or gas) is 
injected and oil is produced through wells which are, 
area-wise, small openings in a large container or res- 
ervoir of oil. As a result, not all of the area between 
the injection and producing wells is necessarily con- 
tacted by the injected fluid by the time it first reaches 
the producing wells. The question arises in predicting 
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oil recovery, as to what fraction of the pattern area 
involved is contacted by either the injected water or gas 
due to the relative position of the injection and produc- 
ing wells. This is the areal sweep efficiency. It is also 
desirable to know how well arrangement affects the oil 
production performance. 

A solution to this problem has been attempted by 
many means. Mathematical analysis’*’, and electrolytic 
models’, have been used to establish a breakthrough 
areal sweep efficiency of 73 per cent for a five-spot 
pattern in which the ability of the oil to flow ahead of 
the invading fluid is equal to the ability of the invading 
fluid to flow in the invaded zone. All of these studies 
simulate only one of many field conditions. 

Improved studies of areal sweep efficiency at break- 
through were made using the fluid mapper’, poten- 
tiometric models’, and X-ray shadowgraph techniques’. 
In these it was possible to study the effect of variations 
in mobility of the injected and displaced fluids, and so 
to cover a wide range of field conditions. The limitation 
of these studies is that, with these models, it was not 
possible to simulate the saturation gradient behind the 
flood front when oil is displaced by gas or water. 

In the most recent published technical paper® on the 
subject, a method was presented for predicting the oil 
recovery performance after breakthrough in a five-spot 
pattern water flood. The method involved correlations 
which were obtained experimentally using miscible 
fluids. One limitation of this work was that a saturation 
gradient, usually found in immiscible fluid displacement, 
was absent in these studies. Also the laboratory studies 
did not cover the situation of a water flood following 
oil recovery by depletion drive, as is the situation in 
most field water floods. 

The tests reported in this paper were made using oil, 
water, and gas, thus eliminating the simplifications of 
former studies. Also reported are laboratory studies on 
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areal sweep efficiency of a five-spot pattern involving 
oil displacement with gas. All of the present studies 
have been made under conditions which simulate field 
operations in uniform sands in which there is no ap- 
preciable gravity segregation of the fluids. 


MATERIALS AND EQUIPMENT 


MODELS 


A five-spot pattern has a producing well surrounded 
by four injection wells. This pattern area can be con- 
sidered as four equal quadrants. The gas and water 
injection studies were made using a model representing 
a quadrant of a five-spot pattern. The model was made 
from a slab of consolidated sandstone, 4 in square and 
¥%4 in thick. The surface pores of the rock were sealed 
with Phenoline 300, a phenol-formaldehyde plastic, to 
confine fluid flow to the internal pore spaces. This 
plastic is completely resistant to the particular fluids 
used in these tests. An injection well was placed at one 
corner of the model and a production well at the 
opposite corner as shown in Fig. 1. 


The laboratory pattern water floods were made using 
models constructed of Torpedo sandstone (400 mds, 
24.6 per cent porosity). The laboratory gas injection 
tests were made on models of both Torpedo and 
Bandera sandstone (10 mds, 15 per cent porosity). Both 
of these rock materials were obtained from surface 
outcrops. 


FLUIDS 


The fluids used in the laboratory pattern water floods 
were oil, water, and butane. In order to identify the 
location of water and oil in the rock, one of these was 
“tagged” with an iodine compound which absorbs 
X-rays. To “tag” one of the fluids, either from 15 to 30 
per cent iodobenzene by volume was added to the oil, 
or the water was half-saturated with sodium iodide. In 
order to have the laboratory floods properly scaled to 
typical field conditions, it was necessary to have re- 
duced interfacial tension between the oil and water. 
This was accomplished by adding isopropyl alcohol to 
both the oil and water. The treated oil and water had 
an interfacial tension of less than 3 dynes/cm compared 
to 38 for the untreated fluids. 


The oils used were refined products. Oils of various 
viscosities were made by blending different oils, includ- 
ing castor oil, mineral oil, and C,,-C,.. The water used 
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was either 0.25 N sodium chloride solution or half- 
saturated sodium iodide solution. 

The fluids used in the laboratory pattern gas injection 
tests were oil and gas. The oils were iso-octane, Ci-C:, 
or blends of Cy-C,, and mineral oil. The gas was either 
air or butane. Air was the injected gas in all the gas 
injection floods. Butane was dissolved in oils where it 
was desirable to simulate a high shrinkage crude. 


X-RAY APPARATUS 


The X-ray tube used was of the type commonly used 
in medical diagnostic work. The tube was mounted 
inside a lead-lined cabinet, the target placed so that 
the X-ray beam was directed upward. 

With the rock model set above the X-ray tube, the 
gross position of the water and oil in the model could 
be recorded on photographic film, or observed using 
a fluoroscopic screen. 

The X-ray shadowgraphs are used to provide quanti- 
tative data as to the area contacted by the injected 
water at any time in the pattern water floods. 


In preparing the models for testing, two different 
procedures were used depending upon whether water 
or gas injection was to be studied. For waterflood tests 
the pores of the rock were first fully filled with water. 
By oil flooding, the water content was reduced to a 
simulated connate water saturation. In the gas injection 
tests the pores of the rock model were completely filled 
with an oil. No connate water was simulated. 

Pattern flooding by either gas or water may be ap- 
plied to an oil reservoir following oil recovery by de- 
pletion drive. To simulate this condition in the labora- 
tory a butane-oil solution was placed in the model 
under pressure. Reduction of pressure resulted in a 
depletion drive, the evolved butane gas driving the oil 
and also causing the oil to shrink. Gas saturation after 
the depletion drive was controlled by varying the bu- 
tane content of the original oil. 


WATER INJECTION 


Water was injected into the models by constant rate 
pumps. At the water injection rates used, the corre- 
sponding injection pressure was sufficient to redissolve 
all of the butane gas in the model behind the flood 
front. This condition simulates that encountered in most 
field waterflooding operations. Progression of the water 
flood was observed on a fluoroscopic screen. The instant 
of water breakthrough was detected electrically. At 
critical stages in the flood, X-ray shadowgraphs were 
taken. Fig. 1 shows typical shadowgraphs taken during 
two five-spot water floods. Other data taken in all 
water floods include the volume of water injected and 
the volumes of oil and water produced, at approxi- 
mately 1 per cent pore volume increments in oil 
production. 


Gas INJECTION 


Gas was injected into the models at constant pres- 
sure. Because of the low gas saturations present in the 
gas invaded area, it was not possible to obtain sufficient 
contrast with X-ray shadowgraphs to evaluate areal 
sweep efficiency by this method. The value of the 
breakthrough areal sweep efficiency by gas injection 
was calculated by a method discussed later in this 
paper. 
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MODEL SCALING 


In the laboratory small models are used to study 
what happens in a large reservoir. These models must 
be a replica in every necessary way of an oil field, in 
order for the test results to be of practical significance. 


One limitation of this study is that the laboratory 
model represents an idealized system, in which there 
are no gravity effects, permeability stratification, or 
local fractures. The sandstone models used are uniform 
in permeability and of the same thickness throughout. 
The relative permeability characteristics of these models 
are typical of those of some oil-bearing formations. 
The tests covered a wide enough range of rock and 
fluid characteristics, injection rates, etc., to simulate a 
wide variety of field flooding conditions. 


The ratio of the wellbore diameter to well spacing 
in the model is much greater than that ratio usually 
encountered in the field. It was not convenient to scale 
this ratio in the laboratory models. However, laboratory 
pattern floods involving models of different wellbore 
diameter-well spacing ratios have indicated that the 
ratio used in the models is sufficient to yield results 
applicable to field floods. 


It is possible to determine the appropriate model 
fluid flow scaling criteria from the differential equation 
of the flow process. In order to scale the stabilized zone 
in the laboratory model to that in the field, if the model 
and reservoir are of the same rock and gas (or water) 
-oil viscosity ratio is the same in both, the following 
scaling criterion applies: 

Ji | Ji | 

F cos 8} model y cos © J field © 
injection rate per foot of pay 
= oil viscosity 
distance between wells 
oil-water (or gas) interfacral tension 
= contact angle of oil and water (or gas) 

interface with the rock surface 

With the fluids and rates used, the laboratory model 
water fioods were scaled to field floods with water in- 
jection rates of from 0.30 to 18.2 B/D per foot of pay 
thickness for 10-acre spacing or from 0.15 to 9.1 
B/D per foot of pay thickness for 40-acre spacing. In 
the range of injection rates studied, there was no notice- 
able effect of rate upon oil recovery efficiency. 

Addition of isopropyl alcohol to the oil and water 
results in a water viscosity greater than 1 cp. However, 
since the displacement pattern in water flooding is de- 
pendent upon the water-oil viscosity ratio, the model 
floods are equivalent to field floods of the same 
viscosity ratio. 

It is not practical to reduce the interfacial tension 
between gas and oil. Thus, in order that the scaling 
criterion set up in Equation 1 be fulfilled, it was neces- 
sary to perform these model gas injection floods at 
relatively high injection rates. The range of laboratory 
gas injection rates was equivalent to 0.1 to 0.6 
MCF/D/ft of pay thickness at the injection conditions. 
This corresponds to approximately 3.5 to 21 standard 
MCF/D/ft at 500 psig injection pressure. 


(1) 


where 


Ht 
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water displaces oil, tests were run with these fluids to 
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see if the breakthrough areal sweep efficiency versus 
mobility ratio would correlate with the data of Dyes 
et al®. The mobility ratio was calculated assuming that 
the relative permeability to water in the invaded zone 
was the same throughout, i.e., the value at residual oil 
saturation. The results calculated in this manner were 
not in agreement with the published correlation, espe- 
cially in the lower range of calculated mobility ratios. 
It was recognized that, in immiscible fluid flooding, the 
injected fluid mobility constantly decreases fram the 
injection well toward the flood front. Several methods 
were tried to arrive at a value for mean water permea- 
bility that would describe the over-all water conduc- 
tivity in the invaded area. The scheme that proved 
satisfactory was to use the water relative permeability 
at the average water saturation behmd the stabilized 
zone. This can be determined for a system by using 
appropriate relative permeabikty characteristics and 
fluid properties, and an adaption of the Buckley and 
Leverett frontal drive equation’. This scheme for cal- 
culating mobility ratio brought the results of pattern 
waterflood tests into agreement with the correlation 
published by Dyes et al. 

Although there is no theoretical justification apparent 
for using this method of calculating mobility ratio, the 
fact that the results using water and oil agree with 
those using miscible fluids leads to the conclusion that 
the method is satisfactory for calculating mobility ratio 
for the displacement of oil by an immiscible fluid. In 
miscible fluid flooding there is no saturation gradient 
behind the flood front. Therefore, the permeability to 
the injected fluid is the same from the injection well 
to the interface of the fluids. 


In Fig. 2 is shown the experimentally determined 
correlation of areal sweep efficiency at breakthrough 
versus mobility ratio, obtained using immiscible fluids. 
In addition, the miscible fluid test results of Dyes et al 
are shown for comparison. 


Values of areal sweep efficiency at breakthrough 
were obtained by measuring, from the X-ray shadow- 
graphs, the fraction of the total pattern area contacted 
by water at breakthrough. Using oil and water with 
reduced interfacial tensions resulted in sharp contrast 
on the shadowgraphs between the invaded and un- 
invaded zones (see Fig. |). Fingering of fluids was not 
a problem as when using miscible fluids. It was found 
that the oil recovery to water breakthrough could be 
predicted from the breakthrough areal sweep efficiency 
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and the average water saturation in the invaded zone, 
calculated using the Buckley and Leverett method. This 
method proved very useful in determining breakthrough 
areal sweep efficiency for dispersed gas drives, since 
this could not be measured using present X-ray shadow- 
graph techniques. The areal sweep efficiency at break- 
through for five-spot gas drives was calculated by 
comparing the oil actually recovered at breakthrough 
to the theoretical oil recovery at breakthrough, assum- 
ing 100 per cent sweep efficiency. In Fig. 2 will be 
noted that the data for gas drives agree with those for 
water floods. Of significant interest is the fact that the 
breakthrough areal sweep efficiencies for gas drives are 
in the same range as those for water floods. This was 
not expected before the study, based on calculated gas 
drive mobility ratios which did not take into account 
saturation gradients. Although the areal sweep effici- 
encies may be the same for gas and water drives, the 
volume of oil recovered to breakthrough will be less 
for gas injection, due to the lower gas saturation in 
the invaded area at breakthrough. 

The ends of horizontal lines through the immiscible 
fluid data points of Fig. 2 represent the range of mo- 
bility ratios that can be computed for each of the 
systems. The far left point assumes, for calculation 
purposes, that only minimum residual oil remains in 
the invaded zone. The points to the far right are those 
for the mobility ratios calculated using the invading 
fluid mobility at the saturation immediately behind the 
stabilized zone. It is obvious that neither of these meth- 
ods for calculating the invading fluid mobility provide 
satisfactory correlation. 
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The method for calculating the useful value of mo- 
bility ratio for immiscible fluids is as follows: (the data 
needed are appropriate relative permeability character- 
istics and fluid properties) . 

1. The average saturation behind the flood front is 
determined by constructing a plot of f,, the fraction of 
the displacing fluid flowing, versus o,, the displacing 
fluid saturation, as shown by various authors’. 
Then draw a straight line, whose origin is the original 
displacing fluid saturation, tangent to the f,-o, curve. 
Extend this straight line to f; = 1.0. The saturation at 
this point is the average invading fluid saturation at 
breakthrough (see Fig. 3). 

2. Read the value of relative permeability to the 
invading fluid, ky, at this average saturation from the 
appropriate relative permeability curve. 

3. The relative permeability to oil, k,, is the value 
corresponding to the oil saturation ahead of the flood 
front. 

Ki 


[bo ky 


AREAL SWEEP EFFICIENCY AFTER BREAKTHROUGH 


A large fraction of the total recoverable oil may be 
obtained after breakthrough. In order to predict the oil 
recovery performance after breakthrough, the manner 
in which the areal sweep efficiency increases after 
breakthrough must be known. Laboratory waterflood 
tests were continued to a producing water-oil ratio in 
excess of 20:1. Examples of the increase in areal sweep 
efficiency after breakthrough are shown in Fig. 1. Fig. 4 
shows experimental data on the areal sweep efficiency 
after breakthrough for several water floods as measured 
from the X-ray shadowgraphs. As indicated by Fig. 4, 
the areal sweep increases linearly with the logarithm 
of Q/Q,., where Q is the injected fluid volume at any 
time and Q,, is the volume to breakthrough. Despite 
the fact that a wide range of flow characteristics are 
represented, all the curves shown in Fig. 4 have the 
same slope. This same variation of areal sweep effici- 
ency after breakthrough with continued injection was 
found to hold for dispersed gas drives. 


It is possible to obtain from miscible fluid flood 
data’, the manner in which the areal sweep efficiency 
increases with the ratio Q/Q,,. A typical set of data 
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is shown in Fig. 4. The disagreement, shown for the 
case in which the breakthrough areal sweep efficiency 
is 68 per cent, is typical of that for other mobility 
ratios. The difference may be explained by the fact that 
in miscible floods the mobility in the invaded area 
remains constant for the duration of the flood. In im- 
miscible floods in which there is a saturation gradient 
behind the flood front, the mean injected fluid mobility 
in the invaded area increases after breakthrough, as the 
invaded area is swept to a lower oil saturation. This 
exhibits a point in which the miscible pattern floods 
are not representative of most immiscible floods. 


EFFECT OF INITIAL FREE GAS 
SATURATION IN WATER FLOODING 


Many waterflooding projects are applied to reservoirs 
which have been partially depleted by primary means. 
It is of practical importance to determine the effect 
of this gas saturation upon oil recovery performance 
by water drive. The experimental studies covered by 
this paper were for the situation in which none of the 
initial gas saturation is trapped behind the flood front. 

In all of the experimental model water floods having 
initial gas saturation, there was no oil production until 
liquid fill-up of the gas space. At some stages of a pat- 
tern flood, the original circular front distorts and cusps 
towards the production wells. If fill-up is accomplished 
before the flood front cusps, the breakthrough areal 
sweep efficiency will be the same as if no free gas had 
been present initially. The performace after break- 
through also will be the same, with the exception that 
less oil, equal to volume of the initial free gas satura- 
tion, will be produced at any injected volume in the 
flood following partial depletion. The experimental 
work demonstrated that for almost all waterflooding 
conditions, fill-up is accomplished before the flood 
fronts cusp and hence does not affect areal sweep. 
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EFFECT OF INITIAL GAS SATURATION IN 
DISPERSED GAS INJECTION 


It was postulated that the area contacted by gas 
would be 100 per cent at the start of gas injection if 
gas saturation prior to the start of gas injection were 
high enough to form a connected gas permeability 
throughout the pattern area. If this were true, the oil 
recovery performance of a five-spot pattern system 
should be the same as that of a linear system. To check 
this, the gas-oil relative permeability characteristics, as 
determined from production data on the pattern models 
were compared to those of a linear system composed 
of the same materials. Initial gas saturations ranging 
from 4 to 44 per cent pore volume, created by a solu- 
tion drive, were used. In all cases the results agreed 
within experimental error. This is taken to mean that 
the assumption of 100 per cent areal sweep efficiency 
is satisfactory for practical purposes. 


PREDICTION OF OIL RECOVERY PERFORMANCE, 
FIVE-SPOT PATTERN 


Dyes et al* suggested a scheme for predicting the oil 
recovery performance from a fully liquid saturated 
five-spot pattern. Simply stated, the production during 
an interval of time after breakthrough is considered to 
come from two regions, namely, the previously and the 
newly-invaded portions of the pattern. Although the 
general outline for the method was presented by Dyes 
et al, certain details have been added to predict water- 
flood and especially gas drive performance. This ex- 
panded method of prediction is outlined as follows: 


The oil and water (or gas) produced from the previ- 
ously invaded portion of the five-spot pattern at any 
time is calculated using the Buckley and Leverett 
frontal drive equation as modified by Welge”. In an 
ideal linear system the term Q, is defined by Welge as 
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the cumulative injected volume in terms of total pore 
volume of the system. In a pattern flood the pore vol- 
ume involved with injected fluid increases as the areal 
sweep increases. Therefore, the term Q, has been modi- 
fied to take into account the continual increase in the 
portion of the pattern invaded. The calculation can be 
done in a step-wise manner and is illustrated in the 
Appendix. 

The oil produced from the newly invaded portion of 
the five-spot pattern is determined from the rate of 
increase in areal sweep efficiency with injected volume 
(shown in Fig. 4) and the decrease in oil saturation 
in this newly invaded portion. The decrease in oil sat- 
uration is equal to the increase in injected fluid satura- 
tion immediately behind the stabilized zone. This sat- 
uration is found from a f, vs o, plot for the system 
invaded, and is the saturation at the tangent to the 
curve, as illustrated in Fig. 3. 

To obtain the instantaneous producing ratio of 
water and oil (or gas and oil) at any time or at any 
volume of injected fluid, the contributions from the 
previously invaded and newly invaded areas are 
summed. Appendix I presents a working form of this 
method of calculation. 

The above method considers the system initially 
liquid filled. The performance to breakthrough for a 
liquid filled system is straightforward. For cases of 
initial gas saturation prior to water flooding, the oil re- 
covery to breakthrough and at subsequent times is less 
by the volume of initial gas saturation. For cases of 
initial gas saturation prior to gas injection, the oil 
recovery performance is that calculated for a linear 
system whose pore volume is that of the pattern and 
having the same value of initial gas saturation. 

Figs. 5 through 8 are typical comparisons between 
predicted and observed oil recovery performance. The 
agreement illustrates the utility of the method of cal- 
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culation tor dispersed gas drives and water floods with 
and without previous primary oil recovery. 

Although the pattern floods were made on only two 
consolidated sandstones, in effect different rock flow 
characteristics were involved. The addition of isopropyl 
alcohol to the oil and water caused a wettability effect, 
resulting in different relative permeability characteristics 
for the different combinations of fluids used. Although 
the change in wettability could not be quantitatively 
determined, the effect on fluid flow behavior could be 
determined by relative permeability measurements. 
Typical sets of relative permeability characteristics in- 
volving the fluids used are shown in Fig. 9. Despite the 
variation in relative permeability characteristics, the 
actual and predicted performance agree satisfactorily. 

It should be realized that the method of prediction 
applies precisely only to uniform sands, and systems in 
which gravity effects are of no major significance. 


CONC EU 


1. A method has been developed for applying the 
mobility ratio concept to water flooding and dispersed 
gas drives in a five-spot well pattern. The areal sweep 
efficiency at breakthrough for dispersed gas drives is 
much higher than previously considered, lying in the 
range of 50 to 100 per cent. 

2. The oil recovery performance of a five-spot water 
flood or dispersed gas drive in an idealized system can 
be predicted using appropriate rock and fluid character- 
istics together with experimentally determined correla- 
tions, by a modification of the Buckley and Leverett 
frontal drive equation. 


ACKNOWLEDGMENTS 


Appreciation is expressed to J. D. Ireland, R. E. Glad- 
felter, W. E. Lamoreaux, and R. E. Lewis for their con- 
tributions and help in collecting the experimental data. 


PETROLEUM TRANSACTIONS, AIME 


REFERENCES 


1. Muskat, M.: Flow of Homogeneous Fluids 
through Porous Media, McGraw-Hill Book Co., 

2. Muskat, M.: “The Theory of Nine-Spot Flooding 
Networks,” Prod. Monthly, (March, 1948), 12, 14. 

3. Hurst, W.: “Determination of Performance Curve 
in Five-Spot Water Flood,” Pet. Engr. (April, 
1953), 25, B-40. 

4. Wyckoff, R. D., Botset, H. G., and Muskat, M.: 

“The Mechanics of Porous Flow Applied to Water- 

Flooding Problems,” Trans. AIME (1933), 103, 

Cheek, R. E.: “An Investigation of the Theory 

and Application of the Fluid Mapper in Secondary 

Recovery of Petroleum,” M. Pet. Engr. Thesis, 

Univ. of Okla. (1953). 

6. Aronofsky, J. S.: “Mobility Ratio—Its Influence 
on Flood Patterns During Water Encroachment,” 
Trans. AIME (1952), 195, 15. 

7. Slobod, R. L., and Caudle, B. H.: “X-Ray Shadow- 
graph Studies of Areal Sweepout Efficiencies,” 
Trans. AIME (1952), 195, 265. 

“Oil Production After Breakthrough as Influenced 
by Mobility Ratio,” Trans. AIME (1954), 201, 
240; April, 1954, Jour. Pet. Tech., 27; June, 1954, 
Jour. Pet. Tech., 38. 

9. Buckley, S. E., and Leverett, M. C.: “Mechanism 
of Fluid Displacement in Sands,” Trans. AIME 
(1942), 146, 149. 

10. Terwilliger, P. L., et al.: “An Experimental and 
Theoretical Investigation of Gravity Drainage,” 
Trans. AIME (1951), 192, 285. 

11. Welge, H. J.: “A Simplified Method for Comput- 
ing Oil Recovery by Gas or Water Drive,” Trans. 
AIME (1952), 195, 91. 

12. Pirson, S. J.: Elements of Oil Reservoir Engineer- 
ing, McGraw-Hill Book Co., Inc. (1950). 


METHOD OF CALCULATION OF FIELD 
FIVE-SPOT WATER OR GAS INJECTION 
PERFORMANCE 


Table 1 gives suggested columnar headings which 
may be used in calculating the oil recovery performance 
of a five-spot water flood or gas drive. 

An example calculation is given for a hypothetical 
waterflood project. The physical charactertistics of this 
field are as follows: 

1. Relative permeability characteristics as shown by 

the short-dashed lines in Fig. 9. 

2. Oil viscosity 10.0 cp, water viscosity 1.0 cp. 

3. Gas saturation by primary recovery—10 per cent 

pore volume. 

4. Connate water saturation — 26.0 per cent pore 
volume. 
40-acre spacing. 

Thickness—20 ft. 

Porosity—24 per cent. 

Oil reservoir volume factor at the flooding pres- 
sure—1.100. 

9. Water injection rate—300 B/D per well. 

The first step is the calculation of the average water 
saturation in the invaded zone at breakthrough, oyn:, 
and the water saturation at the passage of the stabilized 
zone, ow.,. This is done as shown in Fig. 3. 

The relative permeability to water at oy, is obtained 
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from the appropriate relative permeability characteris- 
tics of the formation rock. 

The mobility ratio, M, for the flood is calculated, 
using the relative permeability to water at oy, ob- 
tained in the previous step. 

The areal sweep efficiency at breakthrough, (Ei,).»:; 
is read from Fig. 2 at the calculated value of mobikhty 
ratio. 

The manner in which the areal sweep efficiency 
changes with continued water injection is obtained from 
Fig. 4. For a system under consideration, construct 
a straight line parallel to the other lines through the 


value of at equals EO} 
bt 


The water drive calculation outline shown in the tab- 
ulation may be modified to apply to dispersed gas drive 
operations by: (1) changing all subscripts signifying 
water to those for gas, and (2) adding the gas expan- 
sion term to Column 19 (which becomes gas-oil ratio). 

The Nomenclature for the tabulation follows this 
Appendix. 

It should be noted in the example water drive cal- 
culation the oil produced from the previously swept 
region, (Column 15) is small compared to the total 
oil production (Column 17). This is not always the 
situation, especially in gas drives where the oil produc- 
tion coming from the previously invaded area can be 
the major portion of the total. 


LN. 


E,, = Areal sweep efficiency, fraction. 

(E..)». = Areal sweep efficiency at time of break- 
through of injected fluid into producing 
well, fraction. 

f, = Oil fraction of the fluid flowing. 


\ 


f,. = Water fraction of the fluid flowing. WOR = Water-oil ratio, bbls. water per bbl. stock 
f,. = Oil fraction of the fluid flowing from in- tank oil. 
vaded region. 8 = Reservoir volume factor, dimensionless. 
foe = Water fraction of the fluid flowing from }to = Oil viscosity, cp. ; 
invaded region. [tw = Water viscosity, cp. 
k, = Relative permeability to oil, fraction. 0.» = Connate water saturation, fraction pore 
k,, = Relative permeability to water, fraction. volume. 
M = Mobility ratio, dimensionless. g,, = Average initial gas saturation, fraction pore 
N,, = Incremental oil produced from previously volume. 
invaded region, bbls. at reservoir condi- o, = Average oil saturation, fraction pore vol- 
tion. ume 
N, = Incremental oil produced from newly-in- 
5 = 1 
vaded region, bbls. at reservoir condi- gn 
fraction pore volume. 
. —= Wa i i in- 
P.V. = Pore volume of five-spot pattern, bbls. of 

QO,, = Volume of displacing fluid injected to wre = Average water saturation at water break- 
breakthrough, bbls. through, fraction pore volume. 

QO, = Volume of displacing fluid injected, in in- Ows: = Water saturation at passage of stabilized 
vaded area pore volumes. zone, fraction pore volume. 

Q;,, = Volume of displacing fluid injected to oY = Difference between average water satura- 
breakthrough, in invaded area pore vol- tion in invaded zone and water satura- 
umes. tion at producing well, fraction pore 

W, = Incremental water produced from previ- volume. 
ously invaded region, bbls. Subscript inv indicates value of term in invaded area. 
TABLE 1 — TABULATION WORKSHEET FOR PREDICTION OF FIVE-SPOT PATTERN WATER INJECTION 
Sure = 0-590; g,,,, = 0-560; k,, at G,, = 065; M = 1.55;(E,),, = 76.0 Per Cent 
1 2 3 4 5 6 7 8 9 10 11 
Q df 
Q/Q Reservoir Reservoir Reservoir as é Ose we we of 
eemeen ee bbls. bbls. bbls. Fraction Pore Vol. Pore Vol. Tw Fraction Fraction Fraction 
> © 
= 2 = 
2 5 = 8 
1.000 374,000 374,000 _ 760 = 330 3.03 .560 924 
1.100 374,000 411,400 37,400 88 .0318 362 2.76 580 972 ee 
1.200 374,000 448,800 37,400 813 .0309 393 2.54 584 981 ‘019 
1.300 374,000 486,200 37,400 .0301 2.36 597 ‘989 ‘oll 
CONTINUATION OF TABULATION WORKSHEET 
12 13 14 15 16 17 18 19 20 21 22 
Avg. Time 
W,, N+ .N wor After Oil Prod. 
ver 
a Reservoir Reservoir Reservoir Reservoir Reservoir Prod. Incr. Water Flood Bei decane 
Fraction bbls. bbls. bbls. bbls. bbls. STB bbI/bbI STB days B. 
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DISCUSSION 


A. B. DYES 
MEMBER AIME 


This paper raises several interesting points about the 
effect of a mobility gradient on displacement efficiency. 
Two or three minor questions come to mind which 
might deserve further clarification: 


This paper would be of more help to others engaged 
in similar studies if the analysis had included the effect 
on pattern behavior of a gradient in the true mobility 
of the swept region. The analysis of the experimental 
results presented by the authors illustrates the influence 
of a gradient in the mobility of only the displacing 
phase. The true mobility at a given point in the swept 
region is the sum of the mobility of both the displacing 
as well as the displaced phase. It is the gradient in this 
total mobility that controls the pattern behavior rather 
than a gradient in the mobility of only the displacing 
phase. The authors have not drawn a comparison be- 
tween these mobilities. The omission of the gas-oil 
permeability relationships of these experiments and the 
inclusion of only typical water-oil permeability relation- 
ships prevents the reader from making this comparison. 


In this study, the authors assume that the gradient 
in mobility which is established in the swept portion of 
the model can be calculated through the use of a rela- 
tive permeability curve and the method of Buckley- 
Leverett. In a study of this type, it is desirable that this 
assumption be confirmed by direct measure of the 
saturation in the swept region. The use of alcohol 
mixtures of low interfacial tension and the fingering 
which occurs in gas injection experiments in this type 
of model presents a very real likelihood that the mo- 
bility gradient conditions attained in the flooding of 
the models are at variance with those calculated. 


AUTHORS’ REPLY 


A. B. Dyes’ concern for the true mobility in the in- 
vaded pattern region was shared by the authors. How- 
ever, it was found that taking into account the mobility 
of the displaced fluid in the invaded region did not 
significantly change the mobility ratio so calculated. 
This could be rationalized when considering that the 
correlation of areal sweep efficiency at breakthrough 
vs ratio is the same when using either immiscible or 
miscible fluids. With the latter there is only one phase 
flowing behind the flood front. 

The authors did not feel it necessary to measure 
the saturation gradients in the invaded region of the 
models, since that would be primarily of academic in- 
terest. The purpose of the model floods was to deter- 
mine if the over-all oil recovery performance could be 
predicted mathematically. 


Dyes suggests that, in pattern gas drives following 
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For the case in which gas is injected into a reservoir 
containing a high gas saturation, this article postulates 
that 100 per cent of the pattern is invaded at gas 
breakthrough. The agreement in the performance be- 
tween the flood of linear and a five-spot model is cited 
as a substantiation that this is the case. While gas is 
flowing throughout this type reservoir at the time gas 
injection is begun, the gas breakthrough which is of 
concern to the operator as well as to the experimentalist 
should be the condition at which the producing gas-oil 
ratio begins to rise. This condition occurs when the 
first line of saturation change reaches the producing 
well. The movement of this saturation line through the 
model cannot proceed in a more favorable manner than 
that dictated by a mobility ratio of 1 (mobility behind 
this saturation line always increasing). This would call 
for a pattern at breakthrough in the five-spot of no 
more than 70 per cent. In the absence of fingering, the 
linear model behavior would be independent of mobility 
ratio and would show a sweep of 100 per cent of the 
pattern at breakthrough. The agreement between the 
behavior of the linear and five-spot laboratory models 
cited could result if fingering controlled the perform- 
ance of both models. The theoretical interpretation of 
a 100 pattern efficiency at breakthrough is not sup- 
ported. However, the movement of the lines of constant 
saturation through the model containing a high gas 
saturation would be expected to occur so rapidly after 
breakthrough that a practical treatment could well as- 
sume a linear flood in this type gas injection operation. 


TO A. B. DYES 


normal depletion operations, the areal sweep efficiency 
at breakthrough of injected gas is theoretically 70 per 
cent and not 100 per cent. Actually in this type of 
operation there is no practical interest in differentiating 
at the producing wells between injected gas and that 
which was in place at the start of injection. The sig- 
nificant point is that the production performance meas- 
ured in scaled models is identical to that from a linear 
system under the same conditions. Therefore the areal 
sweep efficiency, controlled by well arrangement, does 
not enter into the prediction of oil recovery performance 
for gas injection following normal depletion. To have 
the method of calculation (presented in Appendix) 
suitable for all field conditions, the areal sweep effici- 
ency is considered 100 per cent at start of gas injection 
following normal depletion. took 


EFFECTS of EXTENSIVE WELL FRACTURING on a WATERFLOOD 
OPERATION in the NORTH TEXAS STRAWN SAND 


GENE E. ROARK 
MEMBER AIME 

J. D. LINDNER 
JUNIOR MEMBER AIME 


Waterflooding operations in the Langston-Kleiner 
field, Young County, Tex., are described. Widespread 
application of formation fracturing has been practiced 
in both producing and injection wells. Field perform- 
ance data are cited which indicate that no detrimental 
effect on sweep efficiencies and that probable benefits 
in injectivity have resulted from the fracture treatments. 


LN 


This paper is a report on a waterflood operation 
which is being carried out in the Langston-Kleiner field 
located in Young County, Tex. The oil reservoir af- 
fected by this flood operation occurs in a Strawn sand 
member at an approximate depth of 3,550 ft subsur- 
face. The operators of the project are Kleiner Estate, 
Turner, Fiske, and West who are hereinafter collec- 
tively referred to as the Operators. Although the opera- 
tion is unusual in several respects, the distinctive fea- 
ture of this flood has been the widespread application 
of hydraulic formation fracturing treatments as a means 
to improve productivity and injectivity of the wells. 
It shall be the purpose of this paper to present basic 
information regarding the reservoir characteristics, op- 


Manuscript received in Petroleum Branch office on Oct. 1, 1954. 
Paper presented at Petroleum Branch Fall Meeting in San Antonio, 
Oct. 17-20, 19654. 
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31, 1955, should be in the form of a new paper. 
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erating practices, and waterflood behavior so that con- 
clusions may be drawn concerning the effects which 
the fracture treatments have had on the performance 
of this water flood to date. 


DEVELOP ME Na 


Development of the 3,550 ft Strawn sand reservoir 
occurred during 1951 and 1952. The early development 
occurred on the Langston and Davis leases which are 
in the northern region of the Operators’ holdings and 
the wells were drilled on 20-acre proration units ac- 
cording to the field rules. However, studies of the 
economics of this program, coupled with the decision 
to proceed with pressure maintenance by water injec- 
tion, resulted in the adoption of wider spacing in the 
later stages of development. This variation in spacing 
is apparent upon inspection of Fig. 1 upon which only 
the 3,550-ft Strawn sand producing and injection wells 
have been located on the Operators’ properties. The 
development to the north of the Operators’ leases is 
the Garvey Strawn field and that to the south is the 
Taylor Strawn field. 


It was determined that unitization of the leases to 
be involved in the waterflood program was not feasible. 
Consequently, a system of offset injection wells, or 
lease line injection wells, was adopted from place to 
place as required to protect correlative rights in the 
program. This resulted in a dispersed array of injection 
and producing wells with relatively close proximity of 
wells along lease line areas and wider spacing toward 
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TABLE 1 — SUMMARY OF FRACTURE TREATMENTS IN 3,550-FT SAND RESERVOIR, LANGSTON-KLEINER FIELD, YOUNG COUNTY, TEX 


COMPLETION NO. OF 
LEASE AND WELL NO. INTERVAL HOLES INTERVAL 
DAVIS 15 3495-3507 48 3495-3514 
3510-3514 16 
DAVIS 16 3478-3498 OH 
DAVIS 17* 3490-3498 64 3490-3498 
LANGSTON 70 3523-3537 OH 
LANGSTON 71 3466-3474 32 3466-3486 
3480-3486 24 
3515-3527 48 3515-3574 
3559-3574 OH 
LANGSTON 72 3517-3533 OH 3517-3533 
LANGSTON 73 3522-3549 OH 
LANGSTON 74 3485-3520 OH 3485-3520 
LANGSTON 75 3507-3523 OH 3507-3523 
LANGSTON 76* 3526-3566 OH 
LANGSTON 77 3507-3533 OH 3507-3533 
LANGSTON 78 3472-3482 4) 3472-3503 
3488-3503 6) 
3516-3530 56 3516-3530 
LANGSTON 79 3509-3547 OH 3509-3547 
McKINLEY 33 3493-3512 91 3493-3512 
McKINLEY 34 3459-3466 42 
3476-3508 OH 3476-3508 
McKINLEY 35 3447-3460 75 3447-3460 
3464-3469 16 
3476-3490 52 
3492-3506 52 
McKINLEY 36 3498-3512 57 3498-3512 
McKINLEY 37 3478-3492 56 3478-3498 
3494-3498 16 
McKINLEY 38 3466-3480 88 3466-3480 
3500-3505 20 3500-3505 
McKINLEY 40* 3512-3518 48 3512-3518 
McKINLEY 41 * 3503-3513 OH 3503-3513 
SWEET 14 3469-3502 OH 
SWEET 15 3454-3475 OH 
SWEET 16 3442-3445 16 3442-3445 
3471-3479 32 
3488-3494 24 
3496-3505 36 
3524-3530 24 
SWEET 17 3460-3474 56 3460-3474 
SWEET 18 3443-3452 36 3443-3452 
3472-3489 OH 
SWEET 19 3472-3484 48 
SWEET 21* 3469-3483 56 3469-3483 
SWEET 22 3480-3495 OH 
SWEET 23 3459-3466 28 3459-3466 
3507-3515 32 
WwW. 1. 2* 3454-3466 47 3454-3466 
3488-3521 OH 3488-3521 
W. 1. 3* 3458-3470 46 3458-3470 
3488-3502 OH 3488-3502 
WwW. 1. 4* 3461-3471 3461-3491 
3477-3491 61 


*Injection Wells. 


the lease interiors. Again referring to Fig. 1, the posi- 
tion of the injection wells, relative to the producing 
wells, is illustrated. 


E 


The reservoir being flooded in Langston-Kleiner field 
is comprised of three Strawn sand members which may 
have been separate sources of original accumulation, 
but which are now probably communicated by well 
completion practices. The middle sand member of the 
section is the best developed and most widespread of 
the three sands. An isopachous map of the net sand 
development in all three sand members is presented 
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POUNDS GALLONS QUARTS 
Olt SHOT INTERVAL NITRO 

1600 1200 

3478-3498 100 
1500 1200 

3523-3537 45 
2500 2500 
2500 2500 

3559-3574 45 
700 700 
4000 4000 
5000 5000 

3526-3576 130 
5000 4000 
2000 2500 
1000 1400 
4000 4000 
3000 3000 
3000 3000 
700 700 
3000 3000 
4700 4700 
4000 4000 
1200 1200 
1500 1450 
3000 3000 

3469-3502 85 

3454-3475 70 
700 700 
700 1050 
5000 5000 
2000 2000 
6000 6000 
3000 2500 
2000 2000 
1500 2000 
1600 1500 
1400 1400 


in Fig. |. It will be noted that the sand lenses into 
shale to the west and southeast, that the northward 
extension of the sands are partially defined by water 
level of 2,380 ft subsea, and that the southern limit of 
the sand development is not entirely defined at the 
present time. 


Core analyses are available from eight wells. The 
data obtained from these analyses indicate an average 
permeabality of 47 md. and an average porosity of 15.2 
per cent. Capillary pressure-fluid saturation measure- 
ments made on a selected group of core plugs indicated 
an average connate water for this Strawn section of 
45.9 per cent of the pore space. Flushing tests per- 


Fic. 1 — Isopacuous Map — NET O1L SAND oF 3,550 
FT STRAWN RESERVOIR, LANGSTON-KLEINER FIELD, 
YOUNG COUNTY, TEX. 


formed on restored state core plugs indicated an aver- 
age residual oil saturation of 20.2 per cent of the pore 
volume and a relative permeability to water of 28.7 
per cent at this residual oil saturation. 

A reservoir fluid sample obtamed early in the pro- 
ductive life of the field showed that the crude was 
saturated at the original reservoir pressure of approxi- 
mately 1,600 psig. The saturated crude had a formation 
volume factor of 1.335 reservoir bbls/STB and a 
solution gas-oil ratio of 576 cu ft/bbl as measured by 
differential liberation. The viscosity of the reservoir 
crude at saturation pressure was 0.40 cp. At the 
average reservoir pressure of 787 psig existing at the 
start of the waterflood operation, the formation volume 
factor of the reservoir crude was 1.256 reservoir 
bbls/STB, the solution gas-oil ratio was 386 cu ft/bbl 
and the viscosity was 0.47 cp. 


PRIMARY PRODUCTION HISTORY 


The primary and waterflood production history of 
the Operators’ leases, which are located in the water- 
flood area, is presented in Fig. 2. It will be noted that, 
following the inception of production in Dec., 1950, 
the monthly rate of oil production from these prop- 
erties gradually increased to a peak of 37,211 bbls 
per month in Aug., 1953, with the completion of a 
total of 28 oil producing wells. By the time waterflood 
operations had commenced in April, 1953, the total 
cumulative production from the properties was 631,077 
bbls of oil and the bottom-hole pressure had declined 
from an estimated original level of 1,600 psig to a 
measured level of 787 psig. The weighted average field 
gas-oil ratio had increased from the solution ratio of 
576 cu ft/bbl to approximately 2,500 cu ft/bbl. No 
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Fic. 2 — PRIMARY AND WATERFLOOD PRODUCTION 
History OF LEASES EFFECTED BY WATER FLOOD IN 
LANGSTON-KLEINER FIELD. DATA SUPPLIED 
THROUGH Dec. 1, 1954. 


wells on the properties included in the waterflood area 
were producing water at the beginning of the injection. 

Hydraulic fracturing of the producing section during 
the completion operations proved successful in increas- 
ing well productivity as early as mid-1952 and was 
generally considered routine in the completion of pro- 
ducing wells after that time. Many of the wells which 
had been completed prior to this date were subsequently 
subjected to hydraulic fracture treatment during work- 
over operations. Later completions in the field have 
either been through perforations or a combination of 
open hole in the basal sand member and perforations 
in the upper members. Using a straddle packer, it 
became common practice to selectively fracture the 
individual zones. A summary of basic information on 
the fracture treatments is presented in Table 1 where 
it will be noted that the treatments employed ranged 
from 700 gal to 6,000 gal of fracture oil with a sand 
load of 1 lb/gal. These treatments averaged approxi- 
mately 200 lbs of sand per foot of exposed section. 

The effect of the fracture treatments on producing 
wells was to improve capacity to the extent that several 
pumping wells were restored to flowing status. The 
improvement in capacity has been sustained in most 
wells. It was also observed that temporary reduction 
in gas-oil ratio frequently occurred. 

With only one exception, all injection wells were 
drilled specifically for the purpose of injection and were 
hydraulically fractured through perforations or in open 
hole in a manner similar to the treatments practiced 


TABLE 2 — COMPARISON OF CALCULATED AND ACTUAL INJECTION RATES 
IN FRACTURED WELLS, LANGSTON-KLEINER FIELD, 
YOUNG COUNTY, TEX. 


Calculated Actual 
Capacity, Surface Injection Injection 
Injection Millidarcy Pressure, Rate, Rate, 
Well No. Feet Psig Bbls/Day Bbis/Day* 
Wis 25 270 450 429 
Sweet No. 21 . . 300 802 210 277 


*Conditions as of Oct. 1, 1953. 
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SWEET 2/ 


Sch TO 3503 


Perforate 3458-3470 with 46 Holes, 
Sch TO 3514 Fracture with 2000 Gol. Oil, 1500 Sand 
Open Hole 3488-3502, Frocture with 
1500 Gol. Oil, 1600" Sond 


Perforote 3454-3466 with 47 Holes, 

Frocture with 2500 Gol Oil, 3000* Sand 
INJECTION DATA 

Rote, 407 BPD 

Surfoce Pressure, 760 PSIG 


Open Hole 3488 -3521, Fracture with 
2000 Gol. Oil, 2000*% Sand 
INJECTION DATA 
Rote, 429 BPD 
Surface Pressure, 270 PSIG 


LANGSTON 76 


SPONTANEOUS POTENTIAL RESISTIVITY 
AO-15 


DAVIS 1/7 


SPONTANEOUS POTENTIA 


Sch TD 3535 3537 
Perforote 3461-3471 with 41 Holes ond 
3477-3491 with 6) Holes, Frocture with 
1400 Gol O11, 1400* Sond 


Perforote 3469-3483 with 56 Holes, 
Sracture with 2000 Gal Oil, Sond 
INJECTION DATA 

Rote, 277 BPO 
Surface Pressure, 802 PSIG 


INJECTION DATA 
Rote, 369 BPD 
Surfoce Pressure, 441 PSIG 


MCKINLEY 40 


SPONTANEOUS POTENTIAL RESISTIVITY 


MCKINLEY 4/ 


i) 

THT 

1} 
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Sch TO 3611 
INJECTION DATA 


Rote, 32 BPD 
Surfoce Pressure, PSIG 


Open Hole 3526-3566 Shot with 130 Ots 
INJECTION DATA 
Rote, 377 BPO 
Surfoce Pressure, 886 PSIG 


Fic. 3—INJECTION 


| 
| Sch_ TD 3539 
400 1] 
7 3400 ryt Perforate 3490-3498 with 64 Holes, 
| i Fracture with 1200 Gol Oil, 1500* Sond 


+ Open Hole 3503-3513, Frocture «with 
3000 Gol Oi, Sond 

| VI | | | | INJECTION DATA 
T T T 
Fé Rote, 190 BPO 


Sch TO 3607 Surfoce Pressure, 937 PSIG 


Perforote 3512-3518 with 48 Holes, 
Frocture with 1450 Gol Oil, 18007 Sone 
INJECTION DATA 

Rote, 40 BPD 
Surfoce Pressure, 1042 PSIG 


WELL COMPLETION AND 


INJECTIVITY DATA, LANGSTON-KLEINER FIELD. 


in the producing wells. The one injection well which 
has not been subjected to fracture treatment, the Lang- 
ston No. 76, previously had been shot in open hole. 

An attempt has been made to evaluate the effects 
of fracturing on injectivity by comparing the calculated 
injection capacity based upon core data to that actually 
experienced. The injection wells on which representative 
core data are available had sand sections of sufficient 
thickness and permeability to indicate substantial in- 
jection capacity prior to fracture treatment. It cannot 
be demonstrated that the relatively light fracture treat- 
ments applied to these better sand sections have had 
material effects on the injection capacity. This observa- 
tion is borne out by reference to Table 2 wherein a 
comparison of calculated and actual injection rates is 
presented. Since injection conditions had become rea- 
sonably stable by Oct., 1953, but the reservoir had not 
yet responded in improved production characteristics, 
the average injection rates and pressures during this 
month were selected for comparison. 

The injection wells which are located near the edge 
of the sand development, where the sand is thinner 
and less permeable, were not adequately cored. There- 
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fore, specific analysis of the performance of these wells, 
the Davis No. 17, McKinley No. 40 and McKinley 
No. 41, is not possible. Inspection of the electric logs 
of these wells, shown in Fig. 3, serves to illustrate the 
tight broken character of the sections together with the 
injection volumes and surface pressures which have 
been experienced. In a qualitative sense, it is probably 
correct to conclude that the fracture treatments have 
been beneficial in increasing the ability of these tighter 
wells to accept the injected water at economic rates. 
The fact that all injection wells have satisfactorily re- 
ceived water, whether through perforations or in open 
hole, without extensive clean-out and swabbing opera- 
tions demonstrates the economy of the fracture 
treatments over open hole shooting and cleaning out. 


PERFORMANCE OF THE WATER FLOOD 


Delays were encountered in equipping the field for 
water flooding which resulted in a more advanced 
stage of depletion existing in the reservoir at the incep- 
tion of the program than had been anticipated in 
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Fic. 5 — SWEET No. 19 WELL PRODUCTION HISTORY 
AFTER WATER FLOOD STARTED, LANGSTON-KLEINER 
FIELD. 


original planning. The reservoir pressure had declined 
to an average of 787 psig and increasing gas-oil ratios 
contributed to rates of voidage in excess of the rate 
of injection permissible with the existing wells. An 
arbitrary restriction in producing rate of the offending, 
high gas-oil ratio wells was effected in Sept., 1953, 
and continued through Dec., 1953. 

The result of this temporary restriction is illustrated 
in Fig. 2. The gas-oil ratio immediately responded in 
each producing area under waterflood control and 
permanent reduction in rate of reservoir voidage was 
accomplished. This, in turn, has permitted gradual 
repressuring of the reservoir so that many of the pro- 
ducers have been restored to flowing status. 

Only two wells had produced water to Aug. I, 1954, 
as a result of the injection program. Water was first 
detected in individual well tests on the Sweet No. 19 
well Jan., 1954, and on the McKinley No. 35 well in 
Feb., 1954. The source of water produced by these 
wells is thought to be from the McKinley-Sweet W. I. 
No. 2 injection well which is located 750 ft from each 
of the producers. The McKinley No. 35 well and 
McKinley-Sweet W. I. No. 2 injection well had been 
fractured and the Sweet No. 19 had not been fractured. 


In analyzing the performance observed in these wells, 
it has first been necessary to estimate the flood pattern 
which existed around the W. I. No. 2 injection well at 
the time of breakthrough. Although potentiometric 
model work is not available on the project, reasonable 
accuracy is possible in approximating the pattern by 
resorting to a study of sand development and capacity 
in the surrounding wells. The general elongation of the 
pattern toward the McKinley No. 35 and Sweet No. 19 
wells was suggested by this study and is confirmed by 
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TABLE 3 — VOLUMETRIC ANALYSIS OF DISPLACEMENT AS OF SEPT. 1, 
1954. INJECTION WELLS FROM WHICH NO BREAKTHROUGH HAD 
OCCURRED, LANGSTON-KLEINER FIELD, YOUNG COUNTY, TEX. 


Distance to Reservoir Vol. in Bbis/AF 
Nearest Radial Pattern to Bbls Water Injected 
Injection Producing Nearest Producing Injected to Into Radial 
Well No. Well, Feet Well, Acre-Feet 9-1-54 Patiern 
Langston No.76. . 820 543 143,684 265 
McKinley No. 40... 970 442 20,964 47 
McKinley No. 41. . . 1,160 825 35,402 43 
McKinley-Sweet W.1. 3. 660 1,045 156,834 150 
McKinley-Langston W.1. 4 510 467 162,143 347 
Sweet 920 689 174,526 253 


the lack of breakthrough in the McKinley No. 38 and 
Sweet No. 16 wells as of Aug. 1, 1954. 

Based upon the estimated flood pattern, the residual 
saturation conditions previously stated and the permea- 
bility distribution found in the core analysis data on 
the region, theoretical calculations of water cut versus 
time relationships have been computed for the two wells 
in question. The computed performance is compared 
to the actual performance observed in well tests for 
McKinley No. 35 in Fig. 4 and for Sweet No. 19 in 
Fig. 5. The generally good agreement between com- 
puted and actual time of initial water appearance and 
subsequent rate of increase of water cut indicates that 
no abnormal by-passing or channeling has occurred. 

Further confirmation of the lack of effects of the 
fracture treatments on the breakthrough performance 
is found in the analysis of the volumes of water which 
have been injected elsewhere in the field without creat- 
ing breakthrough in the adjacent producing wells. 
Assuming a radial pattern of water advance from each 
injection well, a circle has been drawn passing through 
the nearest producing well. The reservoir volume thus 
enclosed has Leen determined and the amount of water 
which had been injected into this reservoir volume to 
Sept., 1954, has been computed in terms of barrels per 
acre-foot. These data are reported in Table 3. The 
injected volumes range upward to 347 bbl/acre-ft and 
generally indicate excellent performance of the flood 
advance in view of the lack of breakthrough in the 
nearest producing wells. 


CON GILUS 


Based upon the 17 months experience in the Lang- 
ston-Kleiner 3,550-{t sand waterflood operations, it is 
concluded that: 


1. The degree of fracturing applied in this field has 
resulted in providing satisfactory injection rates 
through perforations and in open hole. It is probable 
that injection capacity has been increased in certain 
wells in which the sand development is poor. The 
necessity of shooting with nitroglycerine and the ex- 
pense of clean-outs has thus been eliminated. 


. The breakthrough performance to date, accented 
Be ane lack of breakthrough over the major portion of 
the flood area, indicates that no detrimental effect on 


sweep efficiency is resulting from fracturing applied in 
this field. 
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3. The experience cited in this paper should not be 
interpreted as universal endorsement of fracture treat- 
ments in waterflood operations. Consideration of reser- 
voir conditions and size of fracture treatments should 
be made and will undoubtedly have a bearing on the 
technique of flooding. However, as demonstrated here, 
past application of fracture treatments in a field does 


DISCUS 


ROLAND GOULDY 
MEMBER AIME 


Data presented by Roark and Lindner are believed 
to be the first in the literature relating actual field per- 
formance to the effect of fracture treatment on water 
flooding. 

The conclusions reached by the authors are encour- 
aging in view of the present extensive use of fracture 
treatment in primary production, but it should be em- 
phasized that the limitations placed on those conclu- 
sions by the authors should not be overlooked. Quota- 
tion of the abstract of this paper in a recent paper on 
evaluation of flood prospects as a comment on “the 
unfavorable view expressed on large facture treatments” 
underlines the need of such emphasis since the fracture 
treatments used in the Langston-Kleiner field were not 
large. 


not necessarily eliminate the prospect cf a successful 
waterflood operation. 
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It should be noted that, based on observed effect on 
injectivity and size of fracture treatments, depth of frac- 
tures is probably small in comparison with well spacing 
and the detrimental effect on sweep efficiency, if any, 
would be small. 

Based on saturation and porosity values given, it 
appears that only one of the injection wells listed in 
Table 3 has received sufficient water to show conclu- 
sively lack of detrimental effect. 


In view of the demonstrated benefits of fracturing on 
primary recovery it is hoped that the authors will re- 
view this paper at a later stage of depletion of the proj- 
ect and that others will present field data concerning 
this problem as it becomes available. kkk 


AUTHORS’ REPLY to ROLAND GOULDY 


Roland Gouldy observes that this paper has been 
quoted in a recent trade journal article with the infer- 
ence that the authors have concluded that the expe- 
rience in the Langston-Kleiner field may be expected 
to be reflective of waterflood performance of reservoirs 
which have been subjected to large fracture treatments. 
Judgment has specifically been reserved on the matter 
of the effect of size of treatments in all three conclu- 
sions stated at the close of the paper. The information 
presented and the conclusions drawn are restricted to 
conditions present in the subject field. 


The further observation is made that only one well 
listed in Table 3 has received sufficient water to show 
conclusively lack of detrimental effect by fracturing. 
The total volume of mobile fluid to residual oil satura- 
tion in this reservoir is estimated to be 318 bbl/acre-ft. 
This volume should be reduced by the appropriate 
amount to account for areal coverage and stratifica- 
tion effects. Thus, the authors feel that data presented 
on Langston No. 76, McKinley-Langston W. I. 4 and 
Sweet No. 21 are significant in this respect. nk 
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ABSTRACT 


A study of waterflood efficiency, given in terms of oil 
recovery at water breakthrough and ultimate recovery, 
has been made on short, consolidated Pyrex glass cores 
rendered oil-wet by chemical treatment. Contact angle, 
interfacial tension, permeability and porosity were the 
variables considered. Oil and water viscosities, core 
length and velocity of flooding were held constant. 


The data permit interfacial tension, contact angle, 
porosity, and permeability to be grouped into a scaling 
coefficient along with viscosity, velocity of flooding and 
length of core. Correlation of the scaling coefficient 
with recovery at water breakthrough is found to follow 
prediction; correlations of ultimate recovery demand a 
scaling coefficient different from that which correlates 
breakthrough recovery. 


The work indicates that, with proper control, a group 
of similar natural cores, of permeability plug size, can 
be correlated to indicate basic flooding performance. 


The fraction of oil recovered from a porous medium 
is related to both reservoir conditions and production 
techniques. An investigation of all factors that enter 
into this relationship is necessary in order to arrive at 
the optimum method of exploitation for oil reservoirs. 


To define this relationship, laboratory studies have 
been made by a great many investigators. However, an 
important obstacle arises if the results of these experi- 
ments on water flooding are to be applied to practice. 


1References given at end of paper. 


Manuscript received in Petroleum Branch office on Aug. 8, 1954. 
Paper presented at Petroleum Branch Fall Meeting in San Antonio, 
Oct. 17-20, 1954. 


Contribution No. 54-32, College of Mineral Industries, The Penn- 
sylvania State University, State College, Penn, 
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Differences in behavior are to be expected between 
reservoirs of the dimensions encountered underground 
and those used in laboratory work. Factors which play 
an important role under laboratory conditions may be 
of no consequence in reservoirs. Laboratory operating 
practices generally differ from field operating practices. 
Thus, a mere understanding of the mechanism of the 
displacement of oil by water is not enough. It is just as 
necessary that the process be analyzed dimensionally 
to give continuity and validity to the conversion from 
laboratory to field. 

The theory of oil displacement that has come to be 
accepted by the majority of those who are associated 
with reservoir mechanics had its beginning in the work 
of Leverett* and Buckley and Leverett*. The banking of 
oil, observed by many previous workers, was described 
by the “fractional flow” and the “frontal advance” 
equations. The validity of the Buckley-Leverett theory 
was substantiated by the experimental and theoretical 
work of Terwilliger et al’; moroever, the theory was ex- 
tended by the introduction of the idea of a “stabilized 
zone” to describe the banking of oil. Levine’ showed that 
the Buckley-Leverett equations gave reasonable agree- 
ment between calculated and experimental breakthrough 
recoveries only if the capillary pressure and gravity 
terms were included. 

Rapoport and Leas‘ investigated the properties of 
linear floods and showed that both breakthrough and 
maximum recovery are related to a “scaling coefficient” 
derived from the Buckley-Leverett equations. Jones- 
Parra and Calhoun® presented another scaling coeffi- 
cient which included both viscous and capillary vari- 
ables. Such scaling coefficients should suffice to predict 
waterflood efficiency. However, some experimenters re- 
port data which does not appear consistent with the 
scaling coefficient approach. For example, Engelberts 
and Klinkenberg’ conducted an extensive series of ex- 
periments on a dimensional model which contained a 
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TABLE 1 — SUMMARY OF CORE PROPERTIES TABLE 1 — SUMMARY OF CORE PROPERTIES 
(Continued) 

Dia Pore Vol. K 

Core No. (cm) (cm) (cm?) gm/cm* Core No. Dar 

ile B72 2.11 4.80 368 2.190 ile 860 563 1.529 
2 3.72 2.03 4.30 350 2.170 2 860 .550 1.568 
ai 3.74 2.07 4.04 320 2.160 3. 507 403 1.260 
A. 3.72 2.07 4.78 380 2.210 A, 898 593 1.540 
5. 3.68 2.03 3.92 336 2.170 5. 1.280 655 1.950 
& 3.76 2.07 4.60 361 2.170 6. 985 598 1.652 
Ie 3.71 2.10 4.70 362 2.190 Ve 820 545 1.505 
8. 3.70 2.02 3.90 326 2.190 8. 570 431 1.322 
9. 3.66 2.04 3.88 351 2.150 9. 1.302 676 1.930 
10. 3.74 2.08 4.59 351 2.170 10. 950 .580 1.605 
lite 3.70 2.04 4.39 365 2.240 11. .892 571 1.563 
2.05 4.05 323 2.145 12) .602 .440 1.368 
13. 3.70 2.07 4.95 393 2.165 13s 1.122 .665 1.690 
14, 3.71 2.04 5.00 415 2.160 14. 1.580 .810 1.952 
15. 3.69 2.10 4.70 375 2.150 15. 1.060 .635 1.690 
16. 3.73 2.01 4.45 377 2.180 16. 1.070 .635 1.445 
17. 3.69 2.01 3.98 333 2.150 We 657 468 1.420 
18. 3.74 2.07 4.69 374 2.200 18. .770 .540 1.445 
19. BA. 2.09 5.02 394 2.170 19. 1.570 .780 1.995 
20. 3.71 2.02 4.50 373 2.180 20. 1.190 665 1.787 
21. 3.71 2.01 4.40 362 2.190 Ail 1.100 .630 1.743 
22. 3.73 2.10 5.03 399 2.180 228 1.270 710 1.775 
23. 3.71 2.09 4.68 375 2.190 23. 668 500 1.333 
24, 3.70 2.05 4.53 361 2.200 24 .870 560 1.551 
25. 3.71 2.05 4.53 361 2.200 25 765 535 1.430 
26. 3.74 2.04 4.34 352 2.190 26 .685 486 1.380 
27. 3.73 2.10 4.43 356 2.215 27 530 434 1.220 
28. 3.78 2.05 4.04 321 2.215 28 520 445 1,275 
29. 3.69 2.05 4.50 362 2.160 29 740 477 1.428 
30. 3.73 2.05 4.40 355 2.190 30 855 550 1.550 
310 3.74 2.08 4.50 351 2.200 31 593 456 1.300 
32. 3.70 2.04 4.11 357 2.250 32 .770 525 1.472 
Ba) 3.71 2.04 4.60 358 2.200 33 670 490 1.368 
34. 3.74 2.04 4.45 356 2.190 34 .888 563 1.576 
35. 3.69 2.05 4,29 349 2.180 35 968 581 1.662 
36. 3.74 2.14 5.15 391 2.190 36 1.060 645 1.650 
37. Bh72 2.09 4.39 337 2.160 37 710 -490 1.450 
38. 372 2.10 4.26 360 2.190 38 1.515 .739 2.050 

total of 12 independent variables; they concluded that DS oa 
water-wet systems had an anamolous behavior at high pees oa cn 


viscosity ratios. Jones-Parra, Stahl, and Calhoun* re- 
ported experimental results in which they show agree- 
ment with the Buckley-Leverett theory only on the basis 
of the time dependency of both the saturation gradient 
and the fractional flow equation. Warren and Calhoun” 
have extended this to indicate the test conditions under 
which a stabilized flood has occurred. 

The immediate problem is to introduce sufficient 
control into experimentation so that the variables ap- 
pearing in the scaling coefficient can be separated and 
their individual roles evaluated. This experimental work 
was begun with that thought in mind. Since the break- 
through recovery appears specifically in correlations 
based on theory, it was taken to be a standard for com- 
parison. In addition, it was deemed desirable to com- 
pare efficiency at some common endpoint. Therefore, 
ultimate recovery, as used here, is defined as the oil 
recovered after injection of 20 pore volumes of brine. 


EXPERIMENTAL PROCEDURE 


MATERIAL AND EQUIPMENT 


The cores used in the experimental work were 
fritted, “Pyrex” brand, chemical glass. They were desig- 
nated as medium porosity and had a nominal pore 
diameter of 10 to 15 microns. The cores were cleaned 
by washing with hot hydrochloric acid to insure that 
they were completely water wet. The ends were then 
cut off to eliminate any inhomogeneities due to the 
manufacturing process; this gave a core length of 3.71+ 
.05 cm. The diameter as manufactured was 2.05+ .05 
cm. Air permeabilities and porosities (using distilled 
water to avoid contamination) were determined for all 
cores. A summary of core properties is given in Table 1. 

The displacing phase was .25N brine solution with 
10 parts of HgCl, per million parts of brine added to 
prevent bacterial growth. The properties of the brine are 
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p_ = 2.192 gm/cm? 


= 2.230 gm/cm* (Corning Glass Co.) 


listed in Table 2. This displacing fluid will be called 
simply “brine” in the remainder of this discussion. 

The displaced liquids were mixtures of organic liq- 
uids which were immiscible with brine and were not 
solvents for Dri-film. The mixtures were chosen so that 
they would have equal viscosities but different interfacial 
tensions against brine. These test fluids, referred to as 
I, U, I and IV, had viscosities of 1.94+ .04 cp and 
a spread in interfacial tension from 12.9 to 61.2 
dynes/cm. The fluid properties and compositions are 
given in Table 2. Since it was realized that the displaced 
fluids would be in contact with the neoprene sleeve of 
the test apparatus, a piece of neoprene was allowed to 
soak in each of the organic liquids for 24 hours. This 
resulted in a lowering in the interfacial tensions of from 
.6 to 5.8 dynes/cm. These interfacial tension values are 
also recorded in Table 2 and are the values used for 
correlations. 

The test set-up, shown in Fig. 1, was designed and 
constructed to: (1) permit quick and simple mounting 
and dismounting of the cores and prevent leakage of 
fluid, (2) allow measurement of the displacement pres- 
sure of the core after it was mounted for the run, (3) 
furnish a means for flooding the cores with brine at 
a constant rate, and (4) provide a method for the accu- 
rate measurement of breakthrough recovery without 
dismounting the core. 

It was felt that these objectives were satisfactorily 
attained by: (1) using the Hassler sleeve type of core 
mount, (2) using a constant rate displacement pump 
(Milton Roy Mini-pump) with a surge filter, and (3) 
employing electrical conductivity to determine time of 
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pyrex 


PROCEDURE 


breakthrough. Brass, Saran, Pyrex glass, Tygon and 
Neoprene were used in the construction of the equip- 
ment. 

It was decided that three variables would be studied; 
they were y, \/K@ and cos 0. By holding L, v, c and 
iw Constant, the independent effects of the indicated 
variables could be investigated by making 28 runs. The 
runs were set up on this basis: 


VK¢, VK¢; VK¢, 
cos (Sh; cos (Sy, cos 0, cos 6, 
V1 cos Qs cos cos cos ick 
cos O, cos cos ©), cos (Bh 
cos 0, cos ‘Sy, cos 0, cos (Sy, 
cos cos ©, cos 0, cosg, 
cos oF cos 0, cos cos 
Ys cos O, cos O, cos 0, cos ©); 


The variations in \/Kdé were inherent in the cores 
themselves; y was varied by using the four organic 
liquid mixtures described in Table 1; it was decided to 
vary cos © by treatment with Dri-film as suggested by 
Bethel’. A group of capillary tubes was treated and 
tested to determine the effect of concentration on the 


BRINE RESERVOIR 


DISPLACEMENT CELLS 
E OIL RESERVOIR = 


OR 


TABLE 2 — FLUID PROPERTIES AND COMPOSITIONS 


(dynes/ (dynes/ 
Fluid Composition (gm/cm*) (cp) cm) cm) 
Brine .25 N Na Cl 1.010 
10 parts/10° 
Hg Cle 
| 82.1% (Vol.) 770 1.98 61.2 55.4 
n-dodecane 
17.9% (Vol.) 
Mineral Oil 
62.1% (Vol.) 1.294 1.96 12.9 
CCl4 
37.9% (Vol.) 
octanol 
77.5% (Vol.) 762 1.91 26.0 20.2 
n-dodecane 
22.5% (Vol.) 
octanol 
lV 36.5% (Vol.) 1.140 1259 11.8 
octanol 
27.6% (Vol.) 
n-dodecane 
32.9% (Vol.) 
3.0% (Vol.) 
Mineral Oil 
Ho 
is = 1.954 cp eae c = 2.09 
oY = original oil-brine interfocial tension. 
y» = interfacial tension after soaking neoprene in oil for 24 hours. 
Temperature — 22.0 — 23.5°C. 
HYDROCARBON 
HYDROCARBON 
N10 VOLT RESERVOIR = 
! APILLARY 
NEONT) BRINE 
BULB TUBE 


MERCURY 


SURGE CHAMBER 


PUMP 


OUTLET END-PLATE 


X) 


O RING GASKET 


J 


MERCURY } 
RESERVOIR 
1 DISK VALVE 
F 
© SNAP VALVE 
3-way GLass 
STOPCOCK 
XY 
SLEEVE PRESSURE 
INLET ENO-PLATE 
HYPODERMIC SYRINGE 
NEOPRENE 


COPPER 
SCREEN 
CORE 
ALVE: 
STAINLESS STEEL 'CAP Y 
LUCITE BRASS FITTING 
END PLATE: wire 
“9 TYGON TUBING 
PYREX CAPILLARYS% ADHESIVE 
EFFLUX EFFLUX 


VALVE 


BRINE 


Fic. 1 — EXPERIMENTAL APPARATUS. 
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TABLE 3 — CAPILLARY PRESSURE DATA FOR WATER WET CORES 
(CORES CLEANED WITH HC] — UNTREATED WITH DRI-FILM) 


Qn lim i(S.) 
(cm Hg) fen) (%) 1.0 k 
Core No. 24 7.1 0 100.0 .202 24.5 
8.0 88.0 
9.6 Wer 71.4 
11.8 2.26 50.9 
14.2 3.16 31.3 
19.3 3.80 17.6 
25.4 4.07 11.6 
34.6 4.21 8.5 
39.0 4.23 8.2 
Core No. 36 0 100.0 
7.4 92.8 
8.8 1.65 68.0 
12.0 
3.92 24.0 
18.7 4.4] 14,4 
29.4 4,74 8.0 
40.5 4.82 6.4 
Core No. 3 7.2 0 100.0 .166 36.4 
9.6 .58 85.6 
12.4 1.36 66.4 
16.0 2.58 36.0 
19.9 3.08 23.9 
24.6 3.51 13.2 
37.1 3.64 9.9 
Core No. 15 7.0 0 100.0 218 21.0 
| 41 91.2 
8.3 72.1 
3.00 36,1 
18.2 3.98 15.2 
28.6 4,25 9.6 
42.9 4,34 7.6 


contact angle. These tests indicated that reasonable con- 
trol could be exercised over the contact angle. On the 
basis of these tests, 33 cores were treated with Dri-film 
in solution with toluene. The concentrations of Dri-film 
by weight were .001, .01, .1, and 1.0 per cent. Capillary 
pressure curves were run on four untreated cores, 
(Table 3) using air as the displacing, non-wetting phase 
and distilled water as the displaced, wetting phase. This 
was done to obtain a reference to permit the determina- 
tion of the contact angles from the displacement pres- 
sures measured prior to each individual run. 


The pump rate was fixed by calculating the rate nec- 
essary for stabilization on Rapoport and Leas’ Dri- 
filmed alundum core when the capillary pressure vari- 
ables were included in the scaling coefficient. It was 
found that a pump rate of 5.0 cc/min would give 
a safety factor of two on this basis. 


Before each run, the core to be flooded was com- 
pletely saturated with hydrocarbon. After being placed 
in the Hassler sleeve, a sleeve pressure of 100 psig was 
applied. A displacement pressure for water entering the 
core was then measured by applying an inlet pressure 
through a mercury leveling bulb and observing displace- 
ment in the fine capillary tube. This portion of the 
apparatus was arranged so that it could be sealed off 
before the displacement at constant rate was begun. 

Breakthrough recovery was considered to be equal 
to the volume of brine injected into the core at the time 
that the neon bulb began to glow, thus indicating water 
saturation throughout the core. After 20 pore volumes of 
brine had been flooded through a core, the displacement 
was stopped and the core transferred to an ASTM 
distillation apparatus for the determination of final 
brine and oil saturation. The ultimate recovery listed is 
an average of the volumetric (recovery) and ASTM 
values. 


USE 
In the analysis of the displacement pressure data, the 
basic assumption was that the acid-cleaned, untreated 
cores were water-wet (cos 0 = 1.0). The values of the 
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Kozeny constant were calculated from capillary pressure 
data in Table 3 as suggested by Rose and Bruce” and 
plotted in Fig. 2. The linearity of this plot implies that 
the hydraulic radius, r, was constant for these cores. 
Since Carman” has shown that the average pore 
diameter, d, is equal to twice the hydraulic radius, it 
was possible to determine d. Its value was found to be 
23.2 < 10° cm; this agrees fairly well with the manu- 
facturer’s value of 10 — 15 X 10% cm for this type 
core. 

The value of cos © was determined for each run by 
taking the value of the Kozeny constant from the graph 
in Fig. 2 and substituting it in the following equation: 


cos = — 
y 

k 


is the limiting value of the j-function as 


her 
where \ k 


100 per cent wetting phase saturation is approached. 

A plot of the experimentally determined values of 
cos © is shown in Fig. 3. Averaging the values at each 
concentration gives a linear plot vs log of the concen- 
tration. 


A graphical summary of breakthrough recovery for 
all runs made with Fluid I (y = 55.4 dynes/cm), 
except run 15, is presented in Fig. 4 with cos © as the 
correlating variable. A definite trend was observed 
which indicates that breakthrough recovery varies in- 
versely with cos 0. Fig. 5 is a replot of the break- 


through recovery data shown in Fig. 4 with \/K¢@ as 
the correlating variable and cos © constant. An excellent 


linear correlation between \/Kq@ and breakthrough re- 
covery is obtained. The variation in recovery was of 
the order of 6 per cent for each cos © value. Figs. 4 
and 5 lead to the conclusion that cos 0 plays a more 


important role than VK¢ in controlling breakthrough 
recovery. It may also be observed that a tight formation 
is more sensitive to variations in wettability and that 
recovery approaches a maximum as neutral wettability 
is approached. 


gh 
-4 


» J = 11.6 CM.=Ave. pore 
RAOIUS. 
d= 23.2 Cm. 


16 a 
15 
1.00 125 175 2.00 
K 
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CALCULATED FROM CAPILLARY PRESSURE DATA IN 
TABLE 3 AS SUGGESTED BY ROSE AND BRUCE”. 
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In Fig. 6, the data from the preceding runs using 
Fluid I and the remainder of the data using Fluids II, 


and III and IV are plotted against y with \/K¢ and 
cos © held constant. These curves indicate a linear 
decrease in recovery as y is increased; the decrease is 
substantial. It is inferred that y, as well as cos © is 


more important than \/K@¢ in controlling breakthrough 
recovery. This inclusion of y in the scaling factor fol- 
lows the experimental data published by Root”. 


Fig. 7 offers a plot of all the data with breakthrough 
recovery vs the generalized, dimensionless scaling co- 
efficient inferred from the theoretical work of Jones- 
Parra and Calhoun’. For this plot average values of 
cos © as read from Fig. 3 are used. This representation 


shows a linear trend within each \/K group. This 
would be expected since it is actually a plot of the 
equation for breakthrough recovery 


Recovery = A — 

where A and B are constants only if (1) a constant 
j(S,) correlation and (2) the same relative permeability 
curves apply to all cores under consideration. This 
makes it impossible to correlate the breakthrough re- 
covery in Fig. 7 on a single plot for all cores. The 
failure to correlate lies in the inability to include all 
factors in the recovery equation. In particular, the 
absolute permeability or the cos O might not be prop- 
erly included. In this group of cores, the pore size 
distribution was shown to be uniform; therefore, 
changes in absolute permeability must have been due 
to different tortuosities. Changes in cos © will limit 
the validity of the j(S,.) function at low wetting phase 
saturations and thus change the degree to which cos 0 
enters the recovery equation. This can be seen more 
explicitly in Fig. 5. At the two higher values of cos 0, 
the first power of cos © will serve to bring the data 
into a single correlation, but at the two lower values 
of cos 8, approximately the square of cos © is necessary 
to correlate. 


The tabulated data and Fig. 4 show the effect of 
cos © on the ultimate recovery; as cos © increases, 
ultimate recovery increases. This is exactly opposite to 
the effect that cos © produced on breakthrough re- 
covery. It is, however, in the direction suggested by 
Bethel, et al’. The effect on ultimate recovery can be 
explained by the fact that the wetting phase covers a 
maximum surface area at a given saturation when the 
contact angle approaches zero; this prolongs the funi- 
cular region of saturation, permitting the achievement 
of a lower residual. 


The different values of residual oil can be considered 
in the recovery equation if the j(.S,.) function is modi- 
fied to account for different residuals. This is done by 
using a reduced function j(S,’) vs a reduced sat- 


. . Siwy or 
uration S,.“ which is equal to ee The scaling 
coefficient then becomes—’~°° 


CLV = ) 
breakthrough recoveries plotted vs this coefficient indi- 
cate a reasonable linearity for each Dri-film treatment 


(approximately constant cos @). 
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Fic. 3—A PLOT OF THE EXPERIMENTALLY 
DETERMINED VALUES OF Cos 0. 
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Fic. 4— GRAPHICAL SUMMARY OF BREAKTHROUGH 
RECOVERY FOR ALL RuNs MADE WITH FLUID I (y = 55.4 
DyYNES/CM) EXCEPT RUN 15. Cos © Is THE 
CORRELATING VARIABLE. 
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Fic. 5—REPLOT OF THE BREAKTHROUGH RECOVERY 


Data SHOWN IN Fic. 4 wiTH \/Kd aS THE CORRELAT- 
ING VARIABLE AND Cos © CONSTANT. 
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TABLE 4 — SUMMARY OF RECOVERY DATA 


Treatment 
Y (% Dri — 
(dynes/ Film v QT Time 
Run No. Core No. cm) by wt) Group (cm*) (sec) 
1 28 55.4 .002 1 80.8 1029 
2 26 55.4 .02 1 86.7 1108 
3 17 55.4 0.2 1 79.6 1071 
4 31 55.4 2.0 1 90.0 1148 
5 33 55.4 .002 2 91.6 1180 
6 10 55.4 .002 3 91.4 1181 
7 38 55.4 .002 4 85.0 1074 
8 16 55.4 0.2 3 88.9 1086 
9 32 55.4 0.2 2 82.2 1053 
10 23 55.4 2.0 2 OSt7 1197 
W 14 55.4 .02 4 100.0 1275 
12 21 55.4 .02 3 88.0 1176 
13 6 55.4 0.2 3 92.0 1187 
14 34 55.4 2.0 3 88.9 1187 
15 19 55.4 0.2 4 Core Fractured 
16 22 55.4 2.0 4 100.6 1308 
17 27 12.9 -002 1 88.6 1025 
18 74s) 12.9 .02 2 93.1 1184 
19 11 12.9 0.2 3 87.8 1196 
20 20 W239: 2.0 4 90.0 1160 
21 12 20.2 .002 1 80.1 1026 
22 30 20.2 .02 2 88.0 1080 
23 4 20.2 0.2 3 95.6 1215 
24 9 20.2 2.0 4 77.6 990 
25 8 11.8 .002 1 78.0 995 
26 7 11.8 .02 2 93.9 1198 
27 35 11.8 0.2 3 92.0 1072 
28 13 11.8 2.0 4 99.8 1284 
29 29 55.4 0.20 1 90.0 1097 
30 37 55.4 .002 2 85.8 1095 
31 2 55.4 .02 2 86.0 1192 
32 18 55.4 2.0 2 93.8 1188 
33 5 55.4 .002 4 78.4 960 
Temperature = 22.0 — 24.8°C 
* /Kd1 = .400 — .486 V Kos = .556 — .635 
Kd2 = .487 — .555 = .636 — .810 
T 
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Fic. 6 — DATA FROM PRECEDING RUNS USING FLuID I 
AND REMAINDER OF DaTA USING FLuIps II, HI, aNp IV 


ARE PLOTTED AGAINST y WITH \/K¢ AND Cos © 
HELD CONSTANT. 
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Fic. 7— A PLoT OF ALL DATA WITH BREAKTHROUGH 

RECOVERY VS THE DIMENSIONLESS SCALING 

COEFFICIENT INFERRED FROM THE THEORETICAL WORK 
OF JONES-PARRA AND CALHOUN’. 
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TABLE 4 —- SUMMARY OF RECOVERY DATA 


(Continued) 
Break- Ulti-** 
through mate y cos O Kd 
Recovery Recovery 
Run No. (cm Hg) cos 9 Vol.) Vol.) mensionless) cos @ K 

1 .364 80.0 84.2 107.3 
2 2.8 .525 67.8 85.5 1.55 40.7 
3 3.6 .760 54.8 87.0 2.05 49.1 
4 47 -930 53.6 86.8 2.61 43.1 
5 2.5 -430 TESTE 82.0 Use) 100.0 
6 (ee) .350 74.7 79.8 1.28 86.8 
7 15 -462 70.5 TH 1.69 66.9 
8 2.8 710 54.9 80.8 2.60 48.0 
9 3.0 -856 56.4 84.8 2.25 47.4 
10 4.0 1.010 55.0 84.9 2.89 42.0 
11 2.1 -580 60.5 79.1 2.70 47.4 
12 2.0 -550 61.8 79.4 2.02 53.1 
13 2.7 .750 Doar 80.1 2.64 42.2 
14 3:5 -980 52.0 80.9 3.12 35.5 
15 — Core Fractured — 

16 .005 50.0 79.0 4.15 
17 6 -430 83.0 86.5 23 26.1 
18 1.4 1.320 75.0 84.3 .40 15.1 
19 2.8 .800 70.0 81.5 59 10.4 
20 1.0 -961 66.0 82.2 .86 53.1 
21 .270 7920) 85.6 .38 36.5 
22 8 .518 85.3 70 21.8 
23 i .720 66.9 82.0 99 16.5 
24 155 -965 61.4 81.5 11.6 
25 1.0 .320 84.1 86.8 .20 22.0 
26 -690 77.0 86.4 
27 .820 71.8 82.5 9.0 
28 of -980 63.7 83.0 78 al 
29 3.4 -680 58.8 85.5 .20 48.9 
30 2.0 -410 76.6 83.1 1.20 94,4 
31 223 .830 62.8 83.1 1.73 59.0 
32 4.4 1.060 86.1 38.4— 
33 TES: 435 67.8 78.5 1.43 70.2 


of gravimetric and volumetric values 


Breokthrough Recovery, % of Pore Volume 
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The data also indicate a decrease in ultimate recovery 
with an increase in y while all other factors are held 
constant. The most reasonable explanation of the ob- 
served results is that as y increases, the radius of curva- 
ture of the wetting phase increases for a given pressure. 
This indicates that the volume of fluid trapped at the 
maximum applied pressure would increase as y and the 
radius of curvature increases, with wettability held 
constant. 


Fig. 9 is a plot of all the ultimate recovery data 
against a generalized correlation function. This shows 
that although the same variables control ultimate 
recovery as control breakthrough recovery the variables 
must be combined in a different manner. 


It is impossible to evaluate the possible or even 
probable errors in an experiment of this type. However, 
it is possible to compare the results from four pairs of 
cores having similar wettability and \/Kq@ values and 
saturated with the same fluid. For breakthrough re- 
covery, the variation was 1.9 per cent of pore volume 
from the mean value; for ultimate recovery, the varia- 
tion was + .6 per cent of pore volume from the mean 
value. In Fig. 4 the duplicate run data are plotted to 
show the magnitude of the differences. 


CONCEUSEONS 


The following conclusions were drawn from these 
tests: 


1. Fritted Pyrex cores can be treated to reasonably 
well-controlled degrees of wettability; the cores have 
uniform pore size distribution but varying tortuosity. 


2. The cos © calculated from displacement pressures 
is a reasonably good quantitative measure of wettability. 


3. Breakthrough recovery correlates with 
y cos 8 \/K®¢. 


4. Ultimate recovery at 20 pore volumes of through- 
put correlates with 


5. The equation for breakthrough recovery presented 
by Jones-Parra and Calhoun was validated for the group 
of cores studied; however, it was recognized that it was 
limited in its range of applicability by the effect of 
tortuosity on the relative permeability function and the 
effect of wettability on the j(S,) function. 


The data in this paper are extracted from a thesis 
by J. E. Warren which was submitted to The Pennsyl- 
vania State University in partial fulfillment of require- 
ments for the M S degree. Warren held the Stanolind 
fellowship in petroleum engineering at The Pennsylvania 
State University during the majority of the time while 
this research was in progress. A part of the laboratory 
equipment, materials, and general assistance was given 
Warren by the South Penn Oil Co. research project 
at the University. 


23 


NOMENCLATURE 


interfacial tension (dynes/cm) 


© = contact angle (degrees) 
d = pore diameter (cm) 
r = hydraulic radius (cm) 
j(S,.) = Leverett’s “j’” function (dimensionless ) 
S = saturation (% ) 
P = pressure (cm of Hg) 
K = permeability (darcy) 
> — fractional porosity (dimensionless ) 
= viscosity (cp) 
k = Kozeny constant (dimensionless ) 
c = viscosity ratio (dimensionless ) 
L = length (cm) 
v = velocity (cm/min) 
Swyp 
0 
Pw 
Sw, 
Q = volume (cm’) 
cm” 
q = flow rate (=) 
min 
p = density (gm/cm’) 
IK, ew 
Ke 
Gite du 
Ko Lew 
j 
Kw Lu 


t 


Subscripts 


Ww 


tortuosity (dimensionless ) 


water 


(0) 


D = displacement 


Superscript 


variable zone 
stabilized zone 
initial 

total 

capillary 

grain 


average 
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WELL PRODUCTIVITY INCREASE from DRAIN HOLES 
as MEASURED by MODEL STUDIES 


R. L. PERRINE 
JUNIOR MEMBER AIME 


AX IBS WIR AAC 


The use of drain holes drilled from a well to im- 
prove productivity is becoming increasingly common. 
This paper presents data on the productivity increase 
that may be expected. The data were obtained by use 
of an electrolytic tank model of a reservoir. Parameters 
varied in the study to show their effect on productivity 
include the length, number, and arrangement of drain 
holes, formation thickness, and damage near the well- 
bore. 

The most important results are that very large in- 
creases in productivity can be expected only in dam- 
aged wells. The distance to which drain holes pene- 
trate is of primary importance. Additional length is 
more effective than increasing the number of drain 
holes. 


In planning the use of drain holes to improve pro- 
ductivity, it is important to be able to estimate the 
increase in production that can be obtained for a given 
expenditure. It is also important to know what com- 
bination of parameters related to the use of drain holes 
can be chosen to give the largest production increase. 
This paper presents data on the productivity increase 
that may be expected, as obtained by use of an elec- 
trolytic tank model of the reservoir. In this study, a 
number of parameters were varied to show their effect 
on productivity. These included the length, number, and 
arrangement of the drain holes. The presence or absence 
of a damaged zone of low permeability around the well- 
bore and the thickness of the producing formation 
were also considered. 


Manuscript received in Petroleum Branch office on Sept. 3, 1954. 
Paper presented at Pacific Petroleum Chapter Fall Meeting in Los 
Angeles, Oct. 7-8, 1954. 
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DEFINITIONS AND ASSUMPTIONS 


The productivity increase that might be expected 
due to drain holes is presented as the ratio: productivity 
of a well after drain holes are drilled and completed 
to the productivity of the same well in an undamaged 
state without drain holes. The symbol Q/Q, is used to 
represent this productivity ratio. Thus, the comparison 
in each case is with a formation of uniform and un- 
damaged permeability. 

Additional notation includes 7, for the radial extent 
of the damaged zone, which is assumed to be cylindrical 
and concentric with the wellbore. Thus the effect of an 
actual block is approximated by a discontinuous varia- 
tion in permeability. For purposes of this paper, the 
permeability within the damaged zone, denoted by &,, 
is assumed to be 1/25 that in the remainder of the 
formation, or k. 

A necessary assumption in making comparative tests 
using an electrolytic model is that reservoir flow be- 
havior can be approximated by single-phase, steady- 
state flow according to Darcy’s Law. In addition, the 
formation must be assumed to be homogeneous with 
equal horizontal and vertical permeability. The well- 
bore diameter in this study is assumed to be 11% in, 
and the drainage radius of the well equal to 500 ft. 
The drain holes are considered to have been completed 
without damage. 


THE ELECTROLYTIC MODEL 


The producing formation was modeled by forming 
a sheet of phosphor-bronze into a cylinder 40% in. in 
diameter to represent the boundary of the drainage 
area. This was enclosed in a waterproofed plywood 
box, and the box filled to an appropriate level with 
a dilute sodium chloride solution. Solution concen- 
tration was adjusted to give a total resistance from 
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PRODUCTIVITY WITH DRAIN HOLES 
PRODUCTIVITY WITHOUT DRAIN HOLES 


| 
25 50 100 
DISTANCE IN FT FROM WELL TO END OF DRAIN HOLE 
Fic. 1 — PropucTiviry INCREASE IN AN UNDAMAGED 
FORMATION. 


the boundary to the well of several thousand ohms. 
A copper wire coated with platinum black located at 
the center of the cylinder served as the wellbore. Model 
drain holes were made by soldering together wires of 
the proper diameter, then bending and trimming them 
to size. In all cases the drift of the final straight line 
portion of the drain hole was 90 degrees. 

Damaged zones were simulated by lucite cylinders 
drilled to permit penetration by drain holes. Because 
lucite is a nonconductor, the model simulated a forma- 
tion with no permeability within the damaged zone. It 
was assumed in obtaining productivity ratios from these 
results that flow through the damaged zone could be 
neglected in comparison with that through drain holes. 
Radial flow equations were used to calculate produc- 
tivity for damaged formations in the absence of drain 
holes. 

Two types of drainhole arrangements were consid- 
ered. In one, drain holes were assumed to be drilled 
in pairs at the same depth, the members of a pair 
oriented 180 degrees apart. Up to four such pairs, or 
eight drain holes, were considered for each 100 ft of 
formation. In the other arrangement, four drain holes 
were drilled at a single depth and at right angles to 
each other. Where pairs at two depths were considered, 
the vertical separation of the drain holes was assumed 
to be 35 ft in the 100-ft formation. With pairs at three 
depths, the separation between pairs was 25 ft. Sketches 
of drainhole arrangement are included in the figures 
and tables to follow to avoid ambiguity. Drainhole 
length as used in this paper is the horizontal distance 
from the center of the wellbore to the end of a drain 
hole. The actual length of the curved hole that is drilled 
will be somewhat longer. 

The resistance between the boundary cylinder and 
center wire was measured for each model drainhole 
arrangement using an a-c bridge circuit in which the 
capacitance of the tank was balanced out. From these 
data, the flow of current in the solution, corresponding 
to the flow of fluid through a porous medium, could 
be obtained for any arrangement under a fixed poten- 
tial. The ratio of this current to that for the single 
wire dipping into the solution at the same potential 
gave the desired productivity ratio. 


PRODUCTIVITY INCREASE RESULTING 
FROM DRAIN HOLES 


The productivity increases that may be obtained by 
drilling drain holes from a well are presented in Figs. 
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1 through 7 and Tables 1 and 2. The sections of the 
paper to follow describe these results. The first sec- 
tion presents productivity increases as functions of the 
length of the drain holes for from two to six drain 
holes. The second considers the effect of damage around 
the wellbore. The third section discusses the effect of 
number and arrangement of the drain holes. Results 
are included in each section for both 100- and 25-ft 
thick formations. 


OF DRAINHOLE LENGTH ON 
PRODUCTIVITY 


The productivity ratio in an undamaged formation 
is described in Fig. 1 as a function of the length of 
drain holes drilled in 100 ft of formation. Curves are 
presented for two, four, and six drain holes arranged 
in pairs, each pair at a different level. An almost straight 
line relationship exists between the productivity ratio 
and drainhole length for drain holes between 25 and 
100 ft in length. Thus, any increase in length of the 
drain holes is reflected in increased productivity. The 
improvement obtained, however, is moderate. Six 100-ft 
drain holes only increase the productivity ratio to about 
two and one-half. Another point for consideration is 
that in the undamaged formation, more than half of 
the increase could have been obtained with just two 
drain holes. Doubling the number of drain holes does 
not double the productivity. 


Similar results for damaged formations are presented 
in Figs. 2 and 3. In Fig. 2, the permeability is assumed 
to be reduced to a distance of 6.25 ft from the well, 
while in Fig. 3, the radius of the damaged zone is 
taken to be 12.5 ft. Where the formation has been 
damaged, a linear relationship no longer exists between 
productivity ratio and length of the drain holes. Pro- 
ductivity increases more rapidly with drainhole length 
than in undamaged formations, particularly if four or 
six drain holes penetrate the formation. Comparison 
of Figs. 2 and 3 with Fig. 1 will show, however, that 
drainhole lengths in excess of 50 ft are required before 
the productivity of a damaged well with drain holes 
approximates that for an equivalent but undamaged 
formation with the same number, length, and arrange- 
ment of drain holes. 
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Fig. 4 presents results with two drain holes drilled 
into a 25-ft thick formation. The productivity ratio is 
plotted against the length of the drain hole. Both dam- 
aged and undamaged formations are considered. The 
productivity ratio in the undamaged formation is again 
almost a linear function of length once the length ex- 
ceeds 25 ft. Also, approximately 50 ft of drain hole 
are required for productivity in a damaged formation 
to approximate that with no damage and the same 
number of drain holes. 


EFFECT OF DAMAGE IN THE WELLBORE REGION 


Productivity ratios for drain holes in a 100-ft sand 
are plotted as functions of the radial extent of damage 
in Figs. 5 and 6. The permeability within the damaged 
zone is 1/25 that elsewhere. Fig. 5 shows results for 
drain holes 40 ft in length, with curves for two, four, 
and six drain holes. Fig. 6 presents data for four drain 
holes, with separate curves for those 20, 40, and 100 ft 
in length. 

These results show that both length and number of 
drain holes are important factors influencing increased 
productivity from a damaged formation. Neither the 
productivity ratio for six 40-ft drain holes nor that 
for four 100-ft drain holes decreases very much within 
the range of damage considered. The curves for two 
40-ft drain holes or four 20-ft drain holes show a 
rapid decrease with increasing extent of damage. 

In Fig. 7, the productivity ratio is shown as a func- 
tion of the radius of the blocked zone with a formation 
thickness of 25 ft. Results for two drain holes, of 
lengths 20, 40, and 100 ft, are included. Permeability 
within the damaged zone is 1/25 of that elsewhere. In 
a 25-ft sand, the productivity ratio decreases almost 
linearly with increasing extent of damage, within the 
range of damage considered. The decrease, however, is 
more rapid for the shorter drain holes. 


EFFECT OF NUMBER AND ARRANGEMENT OF 
DRAIN HOLES ON PRODUCTIVITY 


Table 1 includes data for from one to six drain 
holes arranged in several ways within a 100-ft forma- 
tion. The length of each drain hole is 40 ft. Both dam- 
aged and undamaged formations are considered. 

The measured productivity ratios increase gradually 
as the number of drain holes increases. The increase 


32 


is somewhat more rapid in the damaged formations. 
The effects of damage, however, are still evident with 
even the largest number of drain holes. 

Arrangement is of relatively little importance with 
40-ft drain holes. Results for four drain holes at the 
same level and at right angles to each other are very 
close to those for four drain holes at two levels, by 
pairs, the members of each pair 180 degrees apart. 
This independence of productivity increase on arrange- 
ment continues for drain holes between about 40 and 
60 ft in length. With 30-ft drain holes, the arrange- 
ment by pairs is more effective. For lengths greater 
than 80 ft, the arrangement with four drain holes at 
right angles to each other should be more effective. The 
arrangement by pairs, however, with the members of 
each pair 180 degrees apart, has an additional advan- 
tage. If a water flood is to be used as a secondary 
recovery measure, drain holes at 180 degrees, properly 
oriented, may permit a close approach to a line drive 
type of flood. The increased coverage obtained can 
make the flood much more effective. 

Results for from one to four 40-ft drain holes in a 
25-ft formation are included in Table 2. Both damaged 
and undamaged formations are considered. Two drain 
holes in 25 ft of sand are approximately equivalent 
to eight in a 100-ft formation. The increase in pro- 
ductivity ratio obtained by drilling the third and fourth 
of a total of four drain holes is quite small in an un- 
damaged formation. These additional drain holes are 
a little more effective where there is damage. 


OES 


Drain holes drilled out into the formation from a 
well can give significant increases in productivity. The 
effects of some of the factors influencing such increases 
have been described in this paper. The important con- 
clusions to be drawn from the results are as follows: 

1. Large increases, such as changing productivity by 
a factor of 10, can be obtained only when there is 
initially a zone of reduced permeability around the well- 
bore. The largest increase obtained for conditions con- 
sidered in this study was to about 214 times the un- 
damaged productivity. 

2. The distance to which drain holes penetrate is 
oft primary importance. In contrast to some means of 
improving productivity, drain holes must extend an 
appreciable distance beyond a damaged zone in order 
to overcome the effects of damage. 
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TABLE 1 — PRODUCTIVITY INCREASE FROM DRAIN HOLES AS A 
FUNCTION OF THEIR NUMBER AND ARRANGEMENT 
(100-FT THiCK FORMATION) 


Q/Q. represents the ratio of productivity with drain holes to undamaged 
productivity without drain holes. The radius of the damaged zone is denoted 
by nh Permeability within the damaged zone is 1/25 that elsewhere, The 


length of each drain hole is 40 ft. 


Number of Arrangement of 


Drain Holes Drain Holes 
1 0.0 1.18 
2 0.0 1.33 ae 
4 0.0 1.51 He 
4 0.0 1.55 
6 0.0 1.69 4 
1 6.25 0.50 K 
2 6.25 0.82 4+ 
4 6.25 
4 6.25 1.27 He 
6 6.25 1.54 4 
1 12.5 9.43 
2 12.5 0.73 at 
4 12.5 
4 12.5 
6 12.5 1.40 


TABLE 2 — PRODUCTIVITY INCREASE FROM DRAIN HOLES AS A 
FUNCTION OF THEIR NUMBER AND ARRANGEMENT 
(25-FT THICK FORMATION) 


Q/Q_ represents the ratio of productivity with drain holes to undamaged 

productivity without drain holes. The radius of the damaged zone is denoted 

by nh Permeability within the damaged zone is 1/25 that elsewhere. The 


length of each drain hole is 40 ft. 


Arrangement of 


1 0.0 1.41 L 
2 0.0 4 
4 0.0 2.04 >K 
1 6.25 
2 6.25 1.65 we 
4 6.25 2.02 * 
1 12.5 1.02 kK 
2 1255 1.53 
4 12.5 1.98 


3. The number of drain holes, while of importance, 
is secondary to length. Additional length is more effec- 
tive in improving productivity than increasing the num- 
ber of drain holes, regardless of the conditions of dam- 
age. Where individual sand members are separated by 
impermeable barriers, however, several drain holes may 
be necessary to obtain appreciable formation exposure 
within each sand. In such cases the productivity increase 
from each section of the formation must be considered 
separately. 

4. The arrangement of drain holes is of little im- 
portance as far as productivity is concerned for drain 
holes extending 40 to 60 ft from the well. With shorter 
drain holes, the arrangement by pairs (the members 
of each pair at a single level and oriented 180 degrees 
apart) is most effective. The arrangement by pairs also 
permits a close approach to a line drive with additional 
coverage in a subsequent water flood. Four drain holes 
placed toward the bottom of the producing interval and 
at right angles to each other, however, may permit 
better utilization of gravity drainage where this pro- 


duction mechanism operates. Other less symmetrical 
arrangements may result in most efficient use of drain 
holes in a particular well. Thus the best arrangement 
must be decided on the basis of the individual well. 


5. The cost of drilling drain holes, when compared 
with the anticipated increase in productivity of the 
well, is of considerable importance. Cost is primarily 
dependent on the rate of drilling, and has varied be- 
tween $25 and $250/ft of drain hole based on a lim- 
ited number of different California formaticns. Favor- 
able conditions for drain holes may permit costs of 
about $25/ft or less. A satisfactory cost estimate can 
be made only on the basis of individual well conditions. 
Equipment used for drilling short drain holes is less 
expensive to rent than that for long holes. This tends 
to offset the advantages of length over number. How- 
ever, each drain hole includes an initial, sharply curved 
section that is relatively unproductive for the number 
of feet actually drilled. The result is that a smaller 
number of long drain holes requires appreciably less 
drilling footage to give the same productivity increase. 

6. The data included in this paper show that up 
to a point, the increase in productivity is nearly pro- 
portional to the combined length of all drain holes 
drilled into the formation. Beyond this point, the 
additional productivity increase per foot of added drain 
hole length diminishes. Thus for the conditions assumed 
in this study, 2 to 4 ft of combined drainhole length 
per foot of formation thickness appears most readily 
justified. More than 4 ft of combined drainhole length 
per foot of net sand appears justified only where the 
additional cost is low, or where damage has reduced 
productivity permitting additional improvement to be 
obtained. 

A total of 2 ft of drainhole length for each foot of 
net sand thickness may result in a productivity about 
1.7 times as large as that for the undamaged forma- 
tion. Thus, the additional production provided by drain 
holes is 0.7 times that for the undamaged formation, 
or a 70 B/D increase might be expected from an un- 
damaged 100 B/D well. Four feet of drainhole length 
per foot of formation should give a productivity about 
2.1 times that of the undamaged formation. Thus, 
doubling the drainhole length would contribute only 
another 40 B/D to production. 

In damaged formations, the increases obtained will 
be larger, with considerable dependence on the degree 
of damage. Two ft of drainhole length per foot of 
formation not only can restore the undamaged pro- 
ductivity, but may provide in addition about onc-half 
the production that would be obtained from the un- 
damaged well. Thus, a well with an undamaged poten- 
tial of 100 B/D, but with production reduced by dam- 
age to 20 B/D, might produce 150 B/D after drilling 
the necessary footage of drain holes. Four ft of drain- 
hole length for each foot of net sand is sufficient to 
give about twice the productivity of the undamaged 
formation. Thus, the 20 B/D damaged well with a 
100 B/D undamaged potential might produce about 
200 B/D with the greater drainhole length. Only 50 
B/D of the 200 B/D production, however, would be 
provided by the extra drainhole length. 

The numerical increases presented above are aver- 
ages from the tabulated results, and thus cannot be 
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construed as more than rough estimates for a par- 
ticular situation. The parameter, combined drainhole 
length per foot of formation, reduces but does not 
eliminate dependence of the results on actual forma- 
tion thickness. The trend is toward less productivity 
increase with less actual formation thickness for a 
specified combined drainhole length per foot of forma- 
tion. Drain holes are most effective in relatively thick 
formations with vertical, as well as horizontal, permea- 
bility. Results included in this paper do not apply, 
of course, when vertical permeability does not exist. 
The productivity increase that may be expected from 
drain holes and the cost of drain holes have been con- 
sidered, but not the effect of drain holes on decline 
rate, well spacing, or other parameters. Yet the results 
of this limited study are complex. A decision as to the 
practicality of drain holes, or a decision as to how 
they should be used, can only be made on the basis 
of the particular well under consideration. tok 
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DIMENSIONALLY SCALED EXPERIMENTS and the THEORIES 
on the WATER-DRIVE PROCESS 


G. A. CROES 
N. SCHWARZ 


SY IIR FENCE 


This paper reports the results of a series of model 
displacement experiments carried out for measuring the 
efficiency of the water-drive process. This series forms 
a continuation and extension of that described by Engel- 
berts and Klinkenberg. Detailed information has been 
obtained on the influence of the oil/water viscosity 
ratio. The results are represented in the form of a 
diagram from which both the oil recovery and the 
water/oil ratio can be easily read off as a function of 
the total production (oil plus water) for all values of 
the viscosity ratio M between I and 500. 

These results are viewed in the light of the two exist- 
ing theories on water flooding, viz. that of Buckley and 
Leverett and that of Dietz. 

It is shown that if the Buckley-Leverett theory ap- 
plies, the relation between the relative permeability ratio 
and saturation, which plays a major role in this theory, 
can be calculated with a high degree of accuracy from 
the results of the model experiments. 

Dietz’s theory is found to be in agreement with the 
experimental results in a certain range of circumstances. 
A discussion of the physical background of the Buckley- 
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Leverett and Dietz theories makes it clear why the 
latter fails to agree with some of the experimental 
results. 


For an economical exploitation of oil fields both a 
rational control of natural (primary) recovery processes 
and a proper application of artificial (secondary) recov- 
ery methods are essential. These require detailed in- 
formation upon the dependence of the relevant flow 
processes on the variables by which they are governed. 

Three methods are available for obtaining this in- 
formation: (1) (statistical) analysis of actual field 
data; (2) appropriately scaled model experiments; and 
(3) mathematical analysis of the physical problem. 

If sufficient data were available, the first method 
would, in principle, be the most reliable one, although 
it has the drawback that the basic relationships between 
the variables involved are to a large extent obscured by 
the natural inhomogeneities of most reservoirs. 


The most profitable procedure seems to be: (a) deter- 
mining the fundamental relations for idealized reservoirs 
by methods (2) and (3); (b) checking the consistency 
of the results obtained by these two methods; and (c) 
establishing the range of applicability of these methods 
to actual reservoirs by comparison with the data accum- 
ulated under (1). 

In this paper items (a) and (b) are dealt with for 
the case of homogeneous loose sands initially saturated 


Fic. 1— APPARATUS FOR MopEL DISPLACEMENT 
EXPERIMENTS. 


with oil that is subsequently displaced by linear com- 
plete water drive. 

Pertinent model experiments have been carried out 
by Leverett et al.’, and by Engelberts and Klinkenberg’. 
Their (mainly qualitative) results have confirmed that 
the oil/water viscosity ratio M is one of the major 
factors governing the efficiency of the displacement 
process, particularly at high values of M. The provision 
of detailed and quantitative data with respect to the 
influence of this ratio on reservoir performance is the 
first purpose of this paper. 

Two theories on the displacement of oil by water 
have been proposed, by Buckley and Leverett’ and by 
Dietz’, respectively. The second purpose of this paper 
is to check the concurrence of the above experimental 
results with theoretical predictions. 


MODEL EXPERIMENTS 


The variables governing flow of mass or energy can 
be combined to a limited number of mutually inde- 
pendent dimensionless groups which suffice to define 
the process. For the study of such flow phenomena as 
occur in nature or industry, they are often simulated 
in the laboratory on a reduced scale. If the geometry 
in such experiments is made similar to that in the proto- 
type, and if in both cases the dimensionless groups 
are given the same values, the experiments are dimen- 
sionally scaled and are called model experiments. 


Model experiments are extensively used to study prob- 
lems of hydro- and aerodynamics and of heat transfer. 
Their use in oil production research has hitherto been 
rather restricted, although they offer the great advan- 
tage of eliminating end eflects that make the interpreta- 
tion of non-scaled experiments difficult. 


The model used in the experiments described in this 
paper is a tube of 1 m length and 6.2 cm diameter, 
filled with sand. The sand is saturated with oil which 
is subsequently displaced by water. The outflowing oil 
and water are measured as a function of the input. The 
model may be compared to a section of an unconsoli- 
dated oil sand that is linearly flooded by water. 

The experiments are an extension of those done by 
Engelberts and Klinkenberg’, use being made of the 
same dimensionless groups, viz.: 


1References given at end of paper. 
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The experiments were carried out in the apparatus 
shown in Fig. 1, which is essentially the same as that 
used by Engelberts and Klinkenberg. 

From a storage tank distilled water is pumped by a 
plunger pump at a constant rate of 2.05 « 10° m/sec 
into the stainless steel model tube containing the oil- 
saturated sand. The cil produced is meastred in an 
inverted graduated cylinder filled with watcr, and, as 
a check on the constancy of the pump, the total pro- 
duction is measured in an open graduated cylinder. 
The apparatus is placed in a thermostat room at 25°C. 
Fig. 1 shows a double set-up in which two experiments 
are run simultaneously. 


After each experiment the sand in the tube is cleaned 
by washing it with chloroform and acetone and dried 
by blowing air through it. The sand is then ready to 
be resaturated with oil. This is done by means of an- 
other pump, the tube being kept in a vertical position. 
The oil is fed in at a very low rate and, in the case of 
low viscosity oils, under reduced pressure, so as to 
avoid the inclusion of air bubbles in the sand. 

Use was made of a 20-30 mesh sand having a per- 
meability of 2 X 10° md and a porosity of 33 per cent 
and of an SAE 30 lubricating oil. The viscosity ratio 
was varied by mixing the oil with kerosene. 

As stated in the introduction, the objective of the 
present experiments was to evaluate quantitatively the 


VISCOSITY RATIO ( 


500 \ 


/00 

+ o| AA 

40 


/0 


| 


\ 


LEGEND 
| + = BREAKTHROUGH RECOVERY 


0 =RECOVERY AT 100 % GROSS PRODUCTION 
7 4 = ” ” 00% ” ” 
2-O:. 200% 
» [000% 


oO 10 20 3O 40 50 60 7 80 90 
CUMULATIVE PRODUCTION 
(R) IN % OIL IN PLACE 


Fic. 2 — Viscosiry RATIOS vs CUMULATIVE OIL 
PRODUCTION FOR VARIOUS VALUES OF 
Gross PRODUCTION. 


PETROLEUM TRANSACTIONS, AIME 


| | | 
| | 
| \\ | | | | 
| | 
| | 
\ \ 

=| 

a 

\ 

| 
| | 
\ | 
\ I\ | \ | 
\ HESS | 
\ | NG 
\ | \ 
\ 
\ \ | 
4 
| 
= 


CUMULATIVE TOTAL PRODUCTION( Q) 


VISCOSITY RATIO M+500 1380) 250 100180 | 60 | 40,30 | 20 
UAT 


70 80 90 100 
CUMULATIVE PRODUCTION(R)/N % IN PLACE. 
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influence of the oil/water viscosity ratio on the dis- 
placement process. For this reason the group 7./7nw 
was varied from 1 to 500, while the other groups were 
given constant values listed in Table 1. 


TABLE 1 — VALUES OF DIMENSIONLESS GROUPS 
= 16.1 
h 
Apvgk 
Sil 
¥ 
Apgh 
0.04 


The experimental results obtained for a given oil/ 
water viscosity ratio M can be most conveniently rep- 
resented by a plot of the cumulative total (gross) pro- 
duction O vs the cumulative oil production R (recov- 
ery), both expressed as a percentage of the initial oil 
in place. If M is given several values, a set of curves 
results, viz. one for each value of M. In each point of 
the curves the instantaneous water content W of the 
fluid produced (water cut) can be derived ty means 
of the relation 

w= 
dO 


Now another set of curves Q vs R can be constructed 
for various constant values of W. 

However, it was found that even after eliminating 
ali possible sources of experimental errors, the data 
accumulated still show appreciable scattering, partic- 
ularly the derived W values. A suitable method of 
averaging these data had, therefore, to be developed. 
This problem could be solved with the help of Fig. 2, 
which gives the values of the recovery R at break- 
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through and at gross productions Q of 100, 200, 500, 
and 1,000 per cent of oil in place as a function of the 
logarithm of the viscosity ratio M. 


This graph shows that: 


1. In the region 500 > M > 40 the curves Q = con- 
stant are approximately straight lines. 


2. In the region 1 < M < 40 the curves Q = con- 
stant approach a limit of R = 85 per cent for 
M = 1. 


The “best fitting” curves were drawn through the 
experimental points. From these (averaged) curves 
the plots Q vs R (for M constant) could easily be 
drawn (Fig. 3). The water cut W was then determined 
graphically, using Equation |, for various values of R. 
Interconnection of the points representing equal values 
of W yields the curves O vs R for W = constant, which 
are also given in Fig. 3. Since Q vs time is a known 
function, the functions R and W vs time can also be 
derived from Fig. 3. 


The straight line in Fig. 3 connecting the points 
(0,0) and (100,100) represents W = 0, i.e. the pro- 
duction of dry oil. At the points where the curves 
depart from this line, water breakthrough occurs for 
the particular viscosity ratio corresponding to the curve. 
In these points W appears to rise sharply from 0 to-a 
certain value > 0. 

The physical factors determining the shape of the 
curves Q vs R for M constant, in the range of interest 
as shown in Fig. 3, are fundamentally different for 
high and for low viscosity ratios. 

For M > about 100 the viscous resistance to flow 
after breakthrough will be much greater for oil than 
for water. The water will travel through the sand in 
channels (fingers), leaving patches of oil untouched. 
The water cut will show a sharp rise, whereas the 
cumulative oil production will increase but slowly: we 
are in the typical viscous fingering region. The lower 
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the value of M, the less pronounced these phenomena, 
and in the region of 100 > M > 40 the water cut 
increases more slowly. For still lower values of M the 
amount of oil retained by capillary forces (the residual 
oil, about 15 per cent of oil in place) is the controlling 
factor of the displacement after breakthrough. The 
cumulative oil production approaches this limit of the 
ultimate recovery very soon after water breakthrough, 
and the rate of oil production declines rapidly, as is 
illustrated by a steep bend upwards of the curves and 
a sharp increase of the water cut. 

The above is further borne out by the Q vs R curves 
for W constant. These curves appear to converge to 
one point on the right-hand side of the figure. This 
can easily be explained from the behavior of an ex- 
tremely fluid crude. In this case no fingering will 
occur. The M = constant line will coincide with the 
straight line through the points 0,0 and 100,100, the 
0 per cent water line, until a production of 85 per cent 
is reached. From that moment onwards only water will 
be produced (W = 100 per cent) so that the vertical 
straight line R = 85 will be followed. Thus all curves 
W = constant should converge to a point in the neigh- 
borhood of (85,85). From Fig. 3 it can be seen that 
M = 1 is a good approximation for a low-viscous oil. 

The principle of the application of these diagrams 
for the prediction of reservoir performance can best be 
illustrated by an example. 

' Given: a linear water-drive reservoir with character- 

istics such that the dimensionless numbers are in the 
same range as those of the present experiments; vis- 
cosity ratio, 60; gross production rate, 20 per cent of 
the oil in place per year. 


Questions: 


1, What is the breakthrough recovery and after what 
time does breakthrough of water occur? 


2. When will the economic limit (e.g. 98 per cent 
water in the production) be reached, and how much 
oil has been recovered at that moment? 
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Answers: 


1. Fig. 2 shows that the breakthrough recovery is 17 
per cent of oil in place under these conditions. Break- 
through will occur after 0.17/0.20 = 0.85 years. 


2. From Fig. 3 it is found that the economic limit 
(W = 98 per cent) is reached at a total production of 
670 per cent of oil in place, that is after 34 years of 
production. The recovery at that moment is 60 per 
cent of oil in place. 


It must be borne in mind that the data presented 
apply to homogeneous unconsolidated reservoirs and 
that as yet only one set of values for the dimension- 
less groups (apart from M) has been investigated. For 
predicting the performance of linear water drive in the 
same type of reservoirs, but characterized by other 
values of these groups, further model experiments are 
required. 


THEORIES ON THE WATER-DRIVE PROCESS 


The two existing theories on the water-drive process 
are that of Buckley and Leverett’ and that of Dietz’. 
In the following discussions it is assumed that gravity 
and capillary forces may be neglected with respect to 
the viscous forces. The displacement process is con- 
sidered to take place in a rectangular formation of 
length /, height A and unit width. The co-ordinate in 
the direction of flow is x, that perpendicular to it is y. 
Thus 0 < x <1, and 0 < y < A. The initial oil/ water 
interface (x = 0) is assumed to be perpendicular to 
the direction of flow. With these assumptions the two 
theories can be characterized as follows. 


According to the Buckley-Leverett theory the invad- 
ing water progresses with the formation of a front, cf. 
Fig. 4A. The water is evenly distributed over the entire 
reservoir height, i.e. the equi-saturation lines (dotted in 
the figure) are parallel to the original oil/water inter- 
face. 


Oil and water flow simultaneously through a porous 
medium with a relative permeability K, to oil and a 
relative permeability K,, to water. K, and K,, are func- 
tions of the oil saturations s, and thus of the water 
saturation s, = 1 — 5,. 

Application of the Buckley-Leverett theory is ham- 
pered by the difficulty of measuring the relative per- 
meability vs saturation curves that form the starting 
point of the calculations according to this theory. 

In the Dietz theory it is assumed that the water in- 


vades the oil reservoir in the form of a water tongue 
along the bottom (Fig. 5). 


Fic. 5—-WATER SATURATION AND SHAPE OF THE WATER 
TONGUE ACCORDING To DIETZ (SCHEMATIC). 
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Fic. 6 — RELATIVE PERMEABILITY RATIO vs OIL SATU- 
RATION ACCORDING TO BUCKLEY-LEVERETT’S THEORY. 


The oil saturation in the invaded region is instantly 
reduced to the residual oil saturation s,, so that there 
is always a definite interface between the invaded and 
uninvaded zones. Oil and water flow separately: the 
oil, ahead of the interface, through a porous medium 
with an irreducible (fixed) water saturation s, and 
therefore a constant relative permeability K. to oil, 


the water in the water-invaded part through the water 
tongue with height hY(x), a fixed oil saturation s, and 
thus a constant relative permeability K/’ to water. 


Application of the Dietz theory is considerably sim- 
pler than that of the Buckley-Leverett theory because 
only two points of the (questionable) relative permea- 
bility curves have to be known. It should be remarked 
that the Dietz theory is not affected by assuming the 
presence of more than one water tongue, if only the 
total height of the water tongues is at any moment 
equal to that of the corresponding single tongue in any 
cross section perpendicular to the direction of flow. 
If there are a great many water tongues, the difference 
between both theories fades away as regards the dis- 
tribution of oil and water. 


CALCULATION, FROM THE EXPERIMENTS, OF 
THE RELATIVE PERMEABILITY RATIOS 
USING BUCKLEY-LEVERETT’S THEORY 


The most straightforward check of the theories would 
be to calculate directly from them the relation between 
cumulative total production (Q) and cumulative oil 
production (R), both expressed as a fraction of the 
oil in place for different values of the oil/water viscos- 
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ity ratio (M), and to compare the results with the 
diagram obtained from the model experiments. 


It is difficult to apply this procedure to the Buckley- 
Leverett theory owing to the uncertainty of the values 
of the relative permeabilities. But it is possible to cal- 
culate the relative permeability ratio (K./K,) vs oil 
saturation (s,) function from the experimental data. 

For this purpose a relation between the oil saturation 
s, at the outflow end x = / of the model tube and R 
and Q can be derived (cf. Fig. 4B): 


1 
= OL 
l (1 Se) 
S; 
Se 
1 
Sr 


The basic equation, relating position along the path 
of flow, saturation and time in terms of the total amount 
of water entering the system, is given in Reference 3 
(Equation 5). In our nomenclature it may be written: 


dw 


So 
Substitute (3) into (2): 
W. 
R=1 Q \dw=1 
1 
where W., is the value of W for x = 1. If s, = s,, no oil 


can further be recovered and thus W = 1. 


From (4) the equation relating s, to Q and R results 
(W is written for W.; W is related to Q and R by (1): 


Sw 


~ 
S 

S 
iS 
iS 
IN 
IS 
ies) 


%© 


\ o= 
\ 
\ OQURVES: 


MEASLWED BY LEVERETT 
Ww 


PERMEA 


N 
T 


RE LAr IVE 


lO ag 06 O5 O4 Q3 Q2 Ql 


Fic. 7 — COMPARISON OF THE RELATIVE PERMEABILITY 
CURVES WITH LEVERETT’S DATA. 


| 
| 
| 
| 
| | | | J | | | 
| | | | | | 
= 
0.3 
| 
| 
| 
\ 
\ 
\ 
e Ky 
05 | 
° fe 
| 
e Q 
39 


this equation has been derived previously by Welge’, 
Equation 7. 


From Darcy’s law as used by Buckley and Leverett 
(neglecting capillary and gravity forces) : 


GEE 


It follows that the water content of the emerging fluid 
is given by: 

which is identical with Equation 3 of Reference 3. 


With the aid of (5) and (6) the curve K,/K,, vs s, 
can be constructed, for every value of M at which the 
relationship between Q and R is known, by plotting 
Fig. 6. In our experiments no connate water was pres- 

The graph presents striking evidence for the inde- 
pendence of the relative permeability ratio from the vis- 
cosity ratio. Although this fact has been stated earlier 
by Leverett’ and others, the spread in the results of 
their direct measurements does not allow an unam- 
biguous conclusion. The spread in the results presented 
in Fig. 6 is much smaller, so that the method proposed 
seems to be a more accurate way of determining K,/K,, 
values than direct measurement. However, more experi- 
ments with other values of the dimensionless groups are 
required to confirm the data obtained. 

By trial and error, K, and K, vs s, curves have been 
derived from the curve of Fig. 6, in such a way that the 
best possible agreement is obtained with Leverett’s ex- 
perimental data. The result is demonstrated in Fig. 7. 


CALCULATION, FROM THE EXPERIMENTS, OF 

THE “RELATIVE PERMEABILITY RATIO” K’/K’ 

AND THE RESIDUAL OIL SATURATION OF 
DIETZ’S THEORY 


The Q vs R curves can be calculated directly from 
the Dietz theory if the values of the relative permea- 


Kae 
bility ratio —— and of the residual oil saturation s, are 
K 


w 


known. 

Equations will now be derived that allow the value 
of K’/K*’ (which should be independent of Y), to be 
determined from the experimental data. 


Darcy’s equations as used by Dietz read 
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Fic. 8 — PERMEABILITY RATIO VS HEIGHT OF THE OIL 
LAYER ACCORDING TO DiETz’s THEORY (s, = 0.24). 


From these, Equation 18 of Reference 4 follows: 


= (7) 


Ww 


and 

dw a 


w 


(8) 


The equation for the Dietz theory corresponding to 
Equation 3 for the Buckley-Leverett theory can be 
derived by substituting (8) in Equation 25 of Refer- 
ence 4. It reads: 


dW 
x= Ol (9) 
Sq dY 
From Fig. 5 it can be shown that: 
1 
Sa x 


Sq 
R 


We d 


— 


Dropping the subscript e, (11) can be written as: 


Sa 


se 


With the aid of (7) and (12) K’/K’. can be found 


for every value of M at which Q is known as a func- 
tion of R, if a certain value of s, is assumed. In Fig. 8 
K*/K’, is plotted vs 1 — Y, for s, = 24 per cent. 
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{t can be seen that only in the left part of the diagram 
do the points lie more or less on a horizontal straight 
line, as they should. The discrepancy in the right-hand 
part can be explained by the following considerations. 

The theory of Buckley and Leverett and that of Dietz 
are believed to represent the two extreme possibilities 
of the water-drive mechanism. 

When water displaces oil from a porous medium, 
somewhere along the oil-water interface the water may 
intrude farther into the oil-bearing layer than corre- 
sponds with the position of the interface. This can 
be initiated, for instance, by a slight inhomogeneity 
of the formation. The resulting pressure distribution 
will subsequently cause the water to flow preferentially 
into the “fingers” formed. The process is cumulative. 
A second important phenomenon associated with water- 
oil displacement processes is the existence of a capillary 
transition zone between the oil-bearing and water-bear- 
ing parts of the formation. 

When displacement experiments are carried out in 
a narrow tube, narrow in the sense that the dimen- 
sionless group Apgh Vk/y cos © is small, the capillary 
forces will “smear out” the fingers. In this case the 
water saturation is essentially constant throughout a 
cross section and Buckley and Leverett’s theory applies. 

In a very “wide” tube or in a “thick” oil sand, 
Apgh Vk/y cos © being large, the thickness of the 
transition zone will be small as compared with the other 
dimensions involved. Dietz’s theory of a water tongue 
by-passing the oil corresponds with the extreme case 
of a negligible value of this thickness. However, the 
tip of the tongue will be thin in any case, and there 
will therefore be a region where it is not permissible 
to assume that the thickness of the transition zone is 
small as compared with the thickness of the tongue. 
For thick sands this region will be comparatively un- 
important. 

The above suggests that there exists a minimum 
tongue thickness, below which deviations from Dietz’s 
theory may be expected. According to Fig. 8 this value 
is Y.<=0O.5 for our experiments. For wider tubes 
the region of deviation might be expected to be smaller, 
but this point remains to be checked by additional 
experiments. 

In the experiments described in this paper the group 
Apgh Vk/y cos © had a value of 0.04* as compared 
to, say, 0.04 — 4 in heavy oil fields. Thus the tubes 
used may be called “narrow,” corresponding to “thin” 
oil sands. 

For such thin sands the Dietz theory has only a 
limited value; for thicker sands it might have a wider 
applicability, possibly even for the major part of the 
flooding process (except the initial stage). 

A more complete theory should take into account 
the Buckley and Leverett process in the transition zone, 
or in other words, constitute some combination of the 
two theories with more emphasis on the one or the 
other, depending on the dimensionless group Apgh 
Vk/y cos @. Attempts to bring about such a combina- 
tion have as yet met with little success. 


In conventional, unsealed, displacement experiments the group in 
question usually has a value of 0.002. 
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1. If a given homogeneous unconsolidated oil-sat- 
urated sand is flushed with water at a given uniform 
rate and the cumulative oil production R at given values 
of the cumulative gross production Q is plotted against 
the logarithm of the oil/water viscosity ratio M, then 
(a) for S00 > M > 40 the curves QO = constant are 
straight lines, and (b) for M < 40 the curves Q = 
constant converge to a limiting value of R; this limit 
marks the maximum ultimate recovery which can be 
obtained by water drive. 


2. A diagram is presented from which the cumulative 
oil production (recovery, R) and the instantaneous 
water content W of the production, both as a function 
of the cumulative total production and therefore of 
time, can be read off for oi!/water viscosity ratios M 
in the range from 1 to 500. This diagram is intended 
for application to homogeneous reservoirs that are being 
produced by linear water drive. 


3. The relative permeability ratio as a function of 
saturation can be calculated with greater precision by 
means of the Buckley-Leverett theory from the results 


of dimensionally scaled model experiments than by 
direct measurement. 


4. The relative permeability ratio thus derived from 
our model experiments conforms to the results of earlier 
investigators, viz. that it is independent of the viscosity 
ratio of oil to water. 


5. The experimental data are in agreement with the 
Dietz theory if the thickness of the water tongue at 
the end point of the tube is greater than half the 
diameter of the tube. For thicker tubes it is to be 
expected that the agreement will cover a larger range. 


The authors are greatly indebted to B. P. Boots, 
D. N. Dietz, and J. van Heiningen for many valuable 
suggestions and discussions, to H. W. A. van der Meer, 
J. Oostervink, and L. Schenk for carrying out the ex- 
periments and calculations, and to the management 
of the Koninklijke/Shell-Laboratorium, Amsterdam, for 
permission to publish this paper. 


K’ n 1, = mobility ratio (Dietz) ; 
= porosity; 
= acceleration due to gravity; 


8 
| 


= thickness of the formation perpendicular to 
direction of flow; 
k = one-phase permeability; 
K, = relative permeability to oil; 
K,, = relative permeability to water; 
K’ = relative permeability to oil in the unflooded 
region (Dietz); 
K’ = relative permeability to water in the flooded 
region (Dietz); 
1 = length of the formation parallel to direction 
of flow; 
M = 7./n 


oil/water viscosity ratio; 


P = pressure; 
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t 


Q= at MabnNe | vdt = cumulative total produc- 
If (1 — s-) tion expressed as a frac- 
O tion of oil initially in 

place; 


t 


1 
[RE ee | v,dt = cumulative oil produc- 
(1 s,) tion expressed as a frac- 
O tion of oil initially in 
place; 


= breakthrough recovery expressed as a fraction 
of oil initially in place; 


| 


s = saturation; 
5, = connate water saturation; 
5. = oil saturation at the outflow end of the tube; 
S, = oil saturation; 
5, = residual oil saturation; 
Sw = water saturation; 


dQ 
per unit area; 
dR 
Ms = Uf Cl = &)) a = oil flow rate per unit area; 
t 
v,. = water flow rate per unit area; 
Vw d (Q-R) 
w=-=— = -; at the outflow end of the 
v dQ tube it equals the water cut, 
i.e. the instantaneous water 
content of the production; 
W, = W at the outflow end of the tube (the sub- 


script e has been omitted throughout the 
text; only if confusion had to be avoided 
was W, written instead of W); 


x = co-ordinate parallel to direction of flow; its 
physical meaning is restricted toO0 < x < J; 


y = co-ordinate perpendicular to direction of flow; 
its physical meaning is restricted to 
O<y<h; 


Y= a ; more specifically the ordinate of the oil/ 
h water interface (Dietz) as a fraction of 
formation thickness; O0< Y < 1. 
Y, = Y at the outflow end of the tube; 
slope of the formation; 
y = interfacial tension oil/water; 
No = dynamic viscosity of the oil phase; 
nw = dynamic viscosity of the water phase; 
Ap = difference in density between oil and water 
phases; 
© = contact angle of the oil/water interface with 
the sand grains. 
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DIRECT CALCULATION of BOTTOM-HOLE PRESSURES 
in NATURAL GAS WELLS 


YUSUF K. SUKKAR 
DAVID CORNELL 
JUNIOR MEMBER AIME 


UNIVERSITY OF TEXAS 
AUSTIN, TEX. 


The fundamental differential equation for fluid flow 
has been rearranged, integrated numerically for natural 
gases, and the results presented in tabular and graphical 
form suitable for the direct calculation of vertical gas 
flow problems. The integration is rigorous except for 
the use of a constant average temperature. Both static 
and flowing bottom-hole pressures may be calculated by 
this method without resort to trial and error procedures. 


Bottom-hole pressures can be determined either by 
direct measurement with a bottom-hole pressure gauge 
or by calculation. Since measurement with a bottom- 
hole pressure gauge is costly, calculation of bottom-hole 
pressures is to be preferred when possible. Calculation 
involves knowledge of the wellhead pressure, the prop- 
erties of the gas, the depth of the well, the flow rate, 
the temperature of the gas, and the size of the flow 
line. These quantities must be combined in a suitable 
equation for vertical flow. Several equations have been 
developed for the purpose of calculating gas flow 
through both horizontal and vertical pipes’?*°°°"*”. 
These equations all have the basic differential equation 
for flow as their starting point. They differ only in the 
assumptions which are made in order to simplify the 
integration step. The bottom-hole pressures calculated 
using any of the better known equations are in good 
agreement with bottom-hole pressures calculated by a 
more rigorous but considerably more tedious stepwise 
integration method. All of these methods, however, 
require a trial and error solution for the calculation of 
flowing bottom-hole pressures. The purpose of this 
paper is to present a method which provides a direct 
solution of static and flowing bottom-hole pressures 
without use of a trial and error solution. At the same 
time the method involves fewer simplifying assumptions 
than any of the previous methods used, except for the 
lengthy stepwise method. 


1References given at end of paper. 
Paper received in the Petroleum Branch office June 25, 1954. 
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The derivation of any practical flow equation begins 
with the basic differential equation which is rigorous 
for almost all flow problems. 


(g) (aL) (v) (dv) 
(g-) (g-) 


(V) (dP) + = —dw, —d(lw) 


(1) 


The five terms in Equation 1 represent the pressure- 
volume potential energy, the potential energy of posi- 
tion, the kinetic energy, the shaft work done, and the 
energy losses due to motion of the fluid respectively. 
Equation 1 reduces to Bernoulli’s theorem for the case 
of horizontal flow of an incompressible fluid, no work 
done, and no energy losses due to friction. 

In the present case, the term (v) (dv)/(g.) can be 
shown to be quite negligible compared to the other 
terms, and is therefore neglected in the derivation. The 
term —dvw, includes work done by a pump or turbine in 
the system and is zero in this case. The frictional losses 
in the pipe are included in the term —d(lw) which is 
expressed in terms of the Moody friction factor as in 
Equation 2. 

(2) (g-) (D) 
The specific volume of a gas can be expressed in terms 
of the temperature, pressure, molecular weight, and 
compressibility factor. 


R 


(M) (P) 
The velocity of the gas can be expressed in terms of 
the weight rate of flow, the specific volume, and the 
dimensions of the pipe. 


_ (4) (V) (4) (W) (R) 


(7) (D*) (7) (D*) (M) (P) 
The reduced pressure P, is to be used because z can 
be expressed as a function of P, and T, alone for most 
natural gases’. 


Vy 


= 4 = P 
13 


TABLE 1 


PL. 
(z/P,.) 


Table of 0.5 +4 


1+ 3B(z/P.,)* 


B=10 Bz=20 B=0 B=10 B=20 
0.7852 0.6755 1.4927 0.9242 0.7828 0.6719 
0.7751 0.6702 1.4031 0.9063 0.7728 0.6666 
0.7642 0.6643 1.3219 0.8874 0.7621 0.6609 
0.7527 0.6580 1.2476 0.8676 0.7507 0.6547 
0.740 0.6513 121792) 0.7307.) 
0.7276 0.6440 1.1159 0.8261 0.7260 0.6410 
0.7142 0.6364 1.0570 0.8045 0.7129 0.6336 
0.7003 0.6284 1.0020 0.7827 0.6992 0.6258 
0.6860 0.6201 0.9503 0.7605 0.6851 0.6177 
0.6714 0.6113 0.9018 0.7383 0.6707 0.6092 
0.6564 0.6023 0.8559 0.7159 0.6559 0.6004 
0.6412 0.5930 0.8124 0.6936 0.6408 0.5914 
0.6258 0.5834 0.7711 0.6713 0.6256 ‘0.5821 
0.6102 0.5736 0.7318 0.6491 0.6101 0.5725 
0.5946 0.5636 0.6944 0.6271 0.5946 0.5627 
0.5788 0.5534 0.6585 0.6053 0.5789 0.5526 
0.5630 0.5430 0.6242 0.5837 0.5631 0.542) 
0.5472 0.5324 0.5913 0.5623 0.5473 0.5320 
0.5314 0.5217 0.5597 0.5413 0.5315 0.5214 
0.5156 0.5109 0.5293 0.5205 0.5157 0.5108 
0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 
0.4843 0.4890 0.4717 0.4797 0.4842 0.4891 
0.4688 0.4780 0.4443 0.4598 0.4686 0.4781 
0.4534 0.4669 0.4179 O.4402 0.4530 0.4671 
0.4381 0.4557 0.3922 0.4210 0.4376 0.4561 
0.4229) 0. 0.3674 o.4020 0.4222 0.4450 
0.4079 0.4334 0.3432 0.3833 0.4070 0.4338 
0.3930 0.4222 0.3198 0.3649 0.3918 0.4227 
Op 0.2970 0.3468 0.3768 0.4115 
0.3636 0.3999 0.2747 0.3289 0.3619 0.4003 
0.3491 0.3887 0.2531 0.3114 0.3472 0.3891 
0.3348 0.3776 0.2319 0.2941 0.3326 0.3780 
0.3065 0.3554 0.1910 0.2603 0.3037 0.3557 
0.2925 0.344} 0.1711 0.2437 0.2895 0.3446 
0.2787 0.3334 0.1517 0.2274 0.275 50.8335 
0.2650 0.322k 0.1327 0.2112 0.2614 0.3225 
0.2515 0.3115 0.1140 0.1954 0.2476 0.3115 
0.2380 0.3006 0.0957 0.1797 0.2339 0.3005 
0.2247 0.2898 0.0777 0.1642 0.2203 0.2896 
0.2115 0.2791 0.0600 0.1488 0.2068 0.2787 


3} 
T. = 1.5 T. = 1.6 

Pe B=0 B=5 B=10 B=20 BsO B=5 

LAO) 1.4236 0.9215 0.7876 0.6790 1.4613 0.9233 
nip 1.3380 0.9032 0.7773 0.6735 1.3733 0.9052 
ee 1.2606 0.8838 0.7662 0.6675 1.2939 0.8861 
1.3 1.1902 0.8636 0.7545 0.6611 1.2213 0.8661 
1.4 1.1255 0.8427 0.7420 0.6562 1.1547 0.8454 
1.5 1.0659 0.8212 0.7289 0.6468 1.0931 0.82h2 
1.6 1.0107 0.7993 0.7153 0.6390 1.0359 0,8025 
0.9603 0.7772 0.7012 0.6308 0.9825 0.7705 
0.9113 0.7549 0.6866 0.6223 0.9325 0.7583 
9 0.8662 0.7326 0.6718 0.6134 0.8856 0.7360 
2.0 0.8238 0.7102 0.6566 0.6042 
0.7838 0.6880 0.6413 0.5946 0.7994 0.6913 
22 0.7459 0.6660 0.6257 0.5849 0.7597 0.6691 
2.3 0.7099 0.6442 0.6100 0.5748 0.7220 0.6471 
2.4 0.6758 0.6226 0.5943 0.5646 0.6860 0.6252 
2.5 0.6432 0.6013 0.5785 0.5542 0.6516 0.6036 
2.6 0.6121 0.6804 0.5627 0.5435 0.6188 0.5823 
2.7 0.5823 0.5597 0.5469 0.5328 0.5873 0.5612 
2.8 0.5537 0.5395 0.5312 0.5220 0.5570 0.5405 
2.9 0.5263 0.5195 0.5155 0.5110 0.5280 0.5201 
3.0 0.5000 0.5000 0.5000 0.5000 0.5000 0.5000 
0.4145 0.4807 0.4845 0.4890 0.4729 0.4802 
3.2 0.4500 0.4619 0.4692 0.4780 0.4469 0.4607 
3.3 0.4262 0.4433 0.4540 0.4666 0.4217 0.4416 
3.4 0.4031 0.4251 0.4390 0.4555 0.3973 0.4228 
3.5 0.3808 O.4074 O.42K1 0.3736 0.40h3 
3.6 0.3590 0.3897 0.4093 0.4331 0.3506 0.3861 
Soi 0.3379 0.3724 0.3947 0.4219 0.3283 0.3682 
3.8 0.3173 0.3554 0.3802 0.4108 0.3065 0.3506 
3-9 0.2972 0.3387 0.3659 0.3997 0.2853 0.3333 
4.0 0.2776 0.3222 0.3517 0.3886 0.2646 0.3163 
0.2584 0.3060 0.3377 0.3776 0.2444 0.2995 
ee 0.2396 0.2900 0.3238 0.3665 0.2246 0.2830 
4.3 0.2211 0.2743 0.3101 0.3556 0.2053 0.2667 
roel 0.2031 0.2588 0.2965 0.3446 0.1864 0.2506 
0.1853 0.2434 0.2830 0.3337 0.1678 0.2348 
4.6 0.1679 0.2283 0.2696 0.3229 0.1495 0.2191 
eee 0.1508 0.2134 0.2564 0.3121 0.1316 0.2037 
4.8 0.1340 0.1986 0.2432 0.3014 0.1140 0.1884 
4.9 0.2302) 0.2907 0.0966 0.1734 
5.0 0.1011 0.1697 0.2173 0.2800 0.0796 0.1585 


Combining Equations 1 through 5, the differential 
equations from which the variables v and V have been 
eliminated is obtained. 

(g.) (R) (T) (z) 
(g) (M) (P,) 


(8) (f) (W*) (R*) (1) 


(6) 
For convenience let 
(3) 
B=- : (7) 
and express Equation 6 in terms of B. 
(z) ) | 
L CB), (2) (RB) 
(Pe) 


a4 


At this stage of the derivation four variables, z, P,, T, 
and L, remain. The number of variables must be re- 
duced to two before Equation 8 can be integrated. It is 
at this point that various simplifying assumptions such 
as constant average z, 7, or v values have been intro- 
duced previously. 

The method proposed in this paper also stems from 
Equation 8. One simplifying assumption is made. The 
temperature is assumed constant at some average value. 
If the temperature is linear with depth, the log mean 
average value of the absolute temperature provides a 
rigorous solution of the right hand side of Equation 8 
upon integration. The effect of the assumption of an 
average temperature on the left hand side of Equation 8 
is extremely small for problems of practical impor- 
tance. It is believed, therefore, that a constant average 
temperature may be assumed with little loss in accuracy. 

When the temperature is constant, z is a function of 
P. only. The variables in Equation 8 are, therefore, 
separate and both sides of the equation may be inte- 
grated. Since z is an empirical function of P,, the inte- 
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gration of the left hand side was carried out numerically 
using the mid-ordinate rule. For this purpose the z 
chart’ was reduced to tabular form. Tables and graphs of 


| (By) 


were then prepared with B and 7, as parameters. The 
results are shown in Figs. 1 and 2 and in Tables 1, 2, 
and 3. 


Fig. | was prepared for the low pressure range of 
reduced pressures from 1.0 to 5.0, or pressures from 
about 600 psia to 3,200 psia. Fig. 2 was prepared for 
the high pressure range of reduced pressures of about 
3.0 to 12.0, or pressures above about 2,000 psia. Ade- 
quate overlap has been provided so that most problems 
can be worked entirely on one chart. A reduced tem- 
perature range of 1.5 to 1.7 was considered to include 
most problems of importance. Values of B of from 0 
to 20 are plotted on Fig. 1 and values from 0 to 10 
are plotted on Fig. 2. 


The lower limit of the integral was carefully selected 
for each chart so as to minimize the spread between 
lines of constant B and thus simplify interpolation. 
Interpolation between values of the reduced tempera- 
ture was at the same time either simplified or elim- 
inated. For Fig. 1 a lower limit of P, = 3.0 was se- 
lected. It can be seen that with this lower limit difficulty 


for Tr=1.5-1.7 


3 
PSEUDO REDUCED PRESSURE 


0.0 | 
10) 


Fic. 1 —- CHART FOR THE DIRECT CALCULATION OF 
BoTTOM HOLE PRESSURES (LOW PRESSURE REGION). 
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in interpolation appears only at low reduced pressures. 
In order to avoid negative values of the integrals on 
Fig. 1, a constant value of 0.5 was added to all of the 
integrals. The constant disappears when _ integrating 
between two limits. 


Bottom-hole pressures are calculated as follows: 
1. B is evaluated. A simplified equation for B is 
(S07) 
B=" 

(D*)"(pe) 


. The right hand integral of Equation 8 is evaluated. 


A simplified expression for this integral is 
(0.01877) (G) (L) 


. The reduced wellhead pressure (p,) 1s evaluated. 


4.On Fig. 1 or 2 read upward from (p,) to the 


proper B and 7, curve and read the value of the 
integral. 


. Subtract (0.01877) (G) (L)/(T) from the in- 
tegral. 


6. Read the reduced pressure corresponding to the 
new value of the integral. This is the reduced 
bottom-hole pressure (p,) . 


7. Calculate the bottom-hole pressure from (p,) . 


s 


06 


0.5 


0.3 for Tr#1.5-1.7 


07 
= J0.6 
= {0.5 
8 9 10 12 
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Fic. 2— CHART FOR THE DIRECT CALCULATION OI 
Bottom PreEssuRES (HIGH PRESSURE REGION). 
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TABLE 2 


PL 
(z/P,,) aP,, 
le of 
1+ B(z/P,.)* 
12 
Pe B=0 B=5 B=10 B=0 B=5 B=10 B=0 B=5 B=10 
1.5546 1.3249 1.1751 1.6040 1.34855 159875 126490) 37038 1.1983 
2.4 1.4466 1.2595 2.1281 1.4906 1.282% 1.1408 1.5310 1.3038 1.1521 
3.3 1.1970 1.0803 0.9878 1.2262 1.0988 0.9997 1.2544 1.1170 1.0105 
3.5 1.1516 1.0442 0.9579 1.1782 1.0615 0.9692 0.2039. 1.0787 0.9797 
3.6 1.1299 1.0266 0.9431 1.1552 1.0433 0.9542 1.1798 1.0600 0.9645 
3.7 1.1087 1.0093 0.9285 1.1329 1.0254 0.9393 1.1563 1.0416 0.9493 
3-9 1.0680 0.9756 0.8997 1.0899 0.9905 0.9099 1.1113 1.0057 0.9194 
4.0 1.0484 0.9591 0.8856 1.0692 0.9735 0.8954 1.0897 0.9881  0.90L7 
4.1 1.0292 0.9429 0.8715 1.0490 0.9567 0.8810 1.0685 0.9708 0.8901 
4.2 1.0104 0.9269 0.8576 1.0292 0.9401 0.8668 1.0478 0.9538 0.8756 
4.3 0.9920 0.9112 0.8439 1.0099 0.9239 0.8528 1.0276 0.9370 0.8612 
4.4 60.9739 0.8303 0.9909 0.9078 0.8388 1.0077 0.9204 0.8470 
4.5 0.9562 0.8804 0.8168 0.9723 0.8919 0.8250 0.9883 0.9041 0.8239 
4.6 0.9388 0.8652 0.8034 0.9541 0.8763 0.8113 0.9693 0.8880 0.8189 
4.7 0.9216 0.8503 0.7902 0.9361 0.8608 0.7977 0.9506 0.8721 0.8051 
4.8 0.9048 0.8356 0.7770 0.9185 0.8456 0.7843 0.9323 0.8564 0.7914 
4.9 0.8882 0.8210 0.7640 0.9012 0.8305 0.7710 0.9143 0.8409 0.7778 
5.0 0.8719 0.8066 0.7511 0.8842 0.8156 0.7578 0.8966 0.8256 0.7643 
5.1 0.8558 0.7923 0.7384 0.8674 0.8009 0.7447 0.8791 0.8104 0.7509 
5-2 0.8400 0.7783 0.7257 0.8508 0.7864 0.7317 0.8620 0.8645 0.7377 
5.3 0.8243 0.7643 0.7131 0.8345 0.7720 0.7188 0.8451 0.7797 0.7246 
5-4 0.8089 0.7505 0.7007 0.8184 0.7577 0.7060 0.8285 0.7651 0.7115 
5.5 0.7936 0.7369 0.6883 0.8026 0.7436 0.6933 0.8120 0.7506 0.6986 
5-6 0.7785 0.7233 0.6760 0.7869 0.7297 0.6807 0.7958 0.7363 0.6858 
5-7 0.7636 0.7090 0.6638 0.7714 0.7158 0.6683 0.7799 0.7221 0.6730 
5.8 0.7488 0.6966 0.6517 0.7561 0.7021 0.6559 0.7641 0.7081 0.6604 
5-9 0.7342 0.6834 0.6396 0.7410 0.6886 0.6435 0.7485 0.6942 0.6479 
6.0 0.7198 0.6703 0.6277 0.7260 0.6751 0.6313 0.7331 0.6805 0.6354 
6.1 0.7055 0.6573 0.6158 0.7112 0.6618 0.6192 0.7179 0.6668 0 6231 
6.2 0.6913 0.6445 0.6040 0.6966 0.6486 0.6071 0.7039 0.6533 0.6108 
6.3 0.6773 0.6317 0.5923 0.6821 0.6355 0.5952 0.6880 0.6400 0 5986 
6.4 0.6634 0.6190 0.5807 0.6678 0.6225 0.5833 0.6733 0.6267 0.5866 
6.5 0.6496 0.6065 0.5691 0.6536 0.6096 0.5715 0.6588 0.6135 0 5746 
6.6 0.6360 0.5940 0.5576 0.6396 0.5968 0.5597 0.644% 0.6005 0.5626 
6.7 0.6224 0.5816 0.5461 0.6257 0.5841 0.5481 0.6301 0.5875 0.5508 
6.8 0.6090 0.5692 0.5347 0.6119 0.5715 0.5365 0.6160 0.5747 0 5390 
6.9 0.5957 0.5570 9.5234 0.5982 0.5590 0.5250 0.6020 0.5620 0.5273 
7-0 0.5824 0.5448 0.5122 0.5847 0.5466 0.5135 0.5882 0.5493 0 5157 
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1955 


0.17421 
0.1629 


0.1519 
0.1408 
0.1298 
0.1188 
0.1078 


0.0969 
0.0860 
0.0752 
0.0648 


0.0535 


0.0428 
0.0320 
0.0213 
0.0106 


TABLE 3 


able of 
12 

B=5 B=10 B=0 B=5 B=10 
0.5448 0.5122 0.5847 0.5466 0.5135 
0.5327 0.5010 0.5712 0.5343 0.5021 
0.5207 0.4898 0.5579 0.5221 0.4908 
0.5088 0.4787 0.5447 0.5099 0.4796 
0.4969 0.4677 0.5315 0.4978 0.4684 
0.4851 0.4567 0.5185 0.4858 0.4572 
0.4733 0.4457 0.5056 0.4739 0.4461 
0.4616 0.4349 0.4928 0.4620 0.4351 
0.4500 0.4240 0.4800 0.4503 
0.4384 0.4132 O.4674 0.4385 0.4133 
0.4269 0.4025 0.4548 0.4269 
0.4155 0.3918 0.4423 0.4153 0.3916 
0.4041 0.3811 0.4299 0.4038 0.3809 
0.3927 0.3705 0.4176 0.3924 0.3702 
0.3814 0.3599 0.4053 0.3810 0.3595 
0.3702 0.3494 0.3931 0.3696 0.3489 
0.3589 0.3389 0.3810 0.3583 0.3383 
0.3478 0.3284 0.3690 0.3491 0.3278 
0.3367 0.3180 0.3570 0.3359 0.3173 
0.3256 0.3076 0.3451 0.3248 0.3069 
0.3146 0.2972 0.3332 0.3137 0.2965 
0.3036 0.2869 0.3214 0.3027 0.2862 
0.2926 0.2766 0.3097 0.2917 0.2758 
0.2817 0.2664 0.2980 0.2808 0.2656 
0.2709 0.2561 0.2864 0.2699 0.2553 
0.2600 0.2460 0.2748 0.2591 0.2451 
0.2492 0.2358 0.2663 0.2483 0.2350 
0.2385 0.2257 0.2519 0.2375 0.22h8 
0.2278 0.2156 0.2405 0.2268 0.217 
0.2171 0.2055 0.2291 0.2162 0.2047 
0.2065 0.1955 0.2178 0.2055 0.1947 
0.1959 0.1855 0.2065 0.1949 0.1847 
0.1853 0.11755, 0.1953 0.184% 
0.1748 0.1655 0.1841 0.1739 0.1648 
0.1643. 0.1556 0.1730 0.1634 0.1549 
0.1538 0.2457 0.1619 0.1529 
0.1433 0.1358 0.1508 0.1385 0.1351 
051329" 0.1260 022398 0.1322" 0.1253 
1289, 061218) 0.1155 
0.1122 0.1063 0.1179 0.1115 0.1058 
0.1018 0.0966 0.1070 0.1012 0.0960 
0.0915 0.0868 0.0962 0.0910 0.0863 
0.0813 0.0771 0.0853 0.0807 0.0766 
0.0710 0.0673 0.0746 0.0705 0.0670 
0.0608 0.0577 0.0638 0.0604 0.0573 
0.0506 0.0480 0.0531 0.0502 0.0477 
0.0404 0.0383 0.0424 0.0401 0.0381 
0.0303 0.0287 0.0317 0.0301 0.0285 
0.0201 0.0191 0.0211 0.0200 0.0190 
0.0100 0.0095 0.0105 0.0100 0.0095 
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0.5433 47h 5120 0.4811 
0.5304 340 997 0.4699 
0.5176 207 875 0.4586 
0.5049 076 754 
0.4923 Qk5 634 0.4363 
0.4797 816 51k o.he5e 
0.4673 87 396 =0.4141 
0.4549 560 278 0.4032 
0.4425 4433 4161 0.3922 
0.4303 .4307 hohy 0.3814 
0.4181 .4182 3928 0.3706 
0.4059 .4058 3813 0.3598 
0.3939 3698 3491 
0.3818 3812 3585 0.3385 
0.3699 3691 B471 0.3279 
0.3579 3570 
0. 3461 R247 3068 
0.3343 B135 0.2964 
0.3225 B211 R024 0.2860 
0.3108 093 914 0.2756 
0.2992 976 804 0.2653 
0.2876 859 695 0.2550 
0.2760 743 586 0.2448 
0.2645 627 477 0.2345 
0.2531 512 370 0.22ky 
0.2417 397 62 0.2143 
0.2303 284 155 0.20k2 
0.2190 170 0.1941 
0.2077 057 943, 0.1841 
0.1964 837 0.1742 
0.1852 833 732 0.162 
| 722 627 0.1543 
611 523.0. 1454 
501 419 
391 315 0.12h8 
281 212 0.1150 
172 109 0.1053 
064 007 0.0956 
956 0.0859 
848 .0803 0.0762 
-0701 0.0666 
634 -0600 0.0570 
| 527 -0499 0.0474 
-O421 0399 0.0379 
.0315 0298 0.028h 
.0210 0198 0.0189 
-0104 0099 0.0094 
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Fic. 3 — EXAMPLE PROBLEM ILLUSTRATING 
THE USE OF FIGs. 1 AND 2. 


The bottom-hole pressure in a flowing gas well is to 
be calculated. 


= 
DY == iva 
=O750 
Pp. — 660 psia 


T. = 400° Rankine 
Pw = 1,980 psia 
Q = 4.91 MMcf/D (at 60°F and 14.65 psia) 
= 
T = 636° Rankine 
Solution: 

(667) (0.016) (4.917) (636°) 

(2.00°) (660°) 

(0.01877) (G) (L) (0.01877) (0.750) (10,000) 


(T) (636) 
= 
(1593.0) 
= = 3x00) 
w (660) 


The value of the integral from Fig. 1 is 0.5000. The 
value of the integral at (p,) is 0.5000 —- 0.2213 = 
0.2787. Fig. 3 shows the procedure followed on the 
integral charts. 


p. = (4.362) (660) = 2,880 psia 
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NOMENCLATURE 


B =A dimensionless parameter, defined by 
Equation 7 
D = Diameter of the pipe, ft 
D’ = Diameter of the pipe, in 
f = Moody friction factor 
G = Gas gravity (Air = 1.0) 
g = Acceleration due to gravity, ft/sec” 
g, = Conversion factor, 32.17, (Ib-mass) (ft) /(Ib- 
force) (sec’) 
L = Lengin of vertical pipe, ft 
M = Molecular weight of gas 
P = Pressure, psfa 
P, = Pseudo critical pressure, psfa 
P,, = Pseudo reduced pressure, dimensionless 
p, = Bottom-hole pressure, psia 
p. = Pseudo critical pressure, psia 


(p.) = Pseudo reduced bottom-hole pressure 


(p-) = Pseudo reduced wellhead pressure 


Pw = Wellhead pressure, psia 

O = Flow rate MMcf/D (at 60°F and 14.65 
psia) 

R= Gas constant, 1,545 (it) 
mole) (°R) 

T= Temperature, °R 

T, = Pseudo reduced temperature 

Velocity, ft/sec 

Specific volume, (ft’) /(lb-mass) 

= Flow rate, lbs/sec 

= Work done on surroundings, per pound of 

fluid (ft) (lb-force) /(1b-mass) 


Iw = Work lost due to friction, per pound of 
fluid (ft) (b-force) /(1b-mass) 
z = Compressibility factor of the gas 


lb- force) /(1b- 
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PRESSURE MAINTENANCE by INERT GAS INJECTION in the 
HIGH RELIEF ELK BASIN FIELD 
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Pressure has been maintained in the Elk Basin Ten- 
sleep reservoir since the initiation of inert gas injection 
in Sept., 1949. Oil is being produced under conditions 
favorable for gravity drainage, including high angle of 
dip, appreciable structural closure, and fairly good per- 
meability. Results being obtained are high per cent 
recovery of oil-in-place, sustained field productivity, 
reduced operating problems, and recovery of plant 
products. The high recovery has been calculated by 
application of the gravity drainage theory described 
in an earlier AIME paper. It is also confirmed from 
field performance by comparing oil recovery to date 
with gas cap space voided. 


GENERAL INFORMATION 


The Elk Basin field lies in Park County, Wyo., and 
Carbon County, Mont., approximately 50 miles east of 
Yellowstone Park. Located at the northern end of the 
Big Horn Basin, the field is situated on an elongated 
asymmetrical anticline (Fig. 1). The pressure mainte- 
nance project covered by this paper involves the Embar- 
Tensleep reservoir in this multi-pay field. Discovered 
in Nov., 1942, it has a proved productive area of over 
6,300 acres. It consists of the 210-ft thick Tensleep 
sandstone of Pennsylvanian Age overlain by 40 ft of 
Embar dolomite of Permian Age. The two formations 
apparently are in communication with each other and 
are produced as a common source of supply. As 98 per 
cent of the reserves are contained in the Tensleep sand- 
stone, in this paper the Embar-Tensleep reservoir will 
be called simply the Tensleep. 

The reservoir is found at an average depth of 4,900 
ft, is approximately 7 miles long and 2 miles wide, and 
has a maximum oil productive closure of 2,330 ft. The 
strata dip an average of 21° on the west flank and 45° 
on the east. There are presently 132 Tensleep wells in 


1References given at end of paper. 
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the field drilled on 40-acre spacing; of these, 17 are 
shut in because of high gas-oil ratio (GOR) and eight 
are gas injection wells. 

Rock characteristics and related information for the 
pay section follow: 


Porosity, avg 10.7 per cent 
Permeability (air) from cores, avg 118 mds 


Permeability from PI’s 91 mds 
Connate water, avg 8 percent 
Initial pressure (-400 ft) 2,234 psia 


Pressure April 1954 (—400 ft) 1,327  psia 


At high structural positions much of the better sand- 
stone has connate water content of only 2 to 5 per cent 
as indicated by the coring of wells with oil in nearby 
Tensleep fields. In special imbibition tests, samples read- 
ily imbibed oil but repelled water. In tests on crushed 
samples, the sand grains rapidly settled in oil and carbon 
tetrachloride but formed a stable unsinking floc in water. 
This information indicates that the Tensleep sand is pref- 
erentially oil wet. 

The oil produced averages 29° API gravity and has 
a high sulfur content. Extensive sampling and testing 
have established the fact that characteristics of reservoir 
oil in this field vary greatly with structure, see Fig. 2. 
Additional detail on the variation of oil characteristics 
with structure at Elk Basin may be found in Reference 
2. At original reservoir pressure the oil was undersatu- 
rated with gas, the bubble point being 1,250 psi at the 
crest but only 500 psi at the lowest elevation sampled. 

As noted on Fig. 2, other fluid properties—reservoir 
volume factor, solution ratio, gravity, viscosity, and hy- 
drogen sulfide content—likewise vary greatly. These var- 
iations complicate mathematical analysis, for it is nec- 
essary to average these characteristics in order to enter 
them into reservoir engineering expressions. To fur- 
ther complicate analysis, sand-face pressure also var- 
ies greatly because of the increase in fluid head down 
structure. As an approximation, average properties under 
initial conditions may be read from Fig. 2 at the —450-ft 
elevation. 
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Fic. 1-— STRUCTURE AND WELL STATUS, ELK BASIN 
TENSLEEP RESERVOIR. 


PRIMARY (NON-UNITIZED) HISTORY 


Reservoir performance under non-unitized operations 
is shown on Fig. 3 by the portions of the various graphs 
prior to May, 1946. Pressure declined rapidly and pro- 
duction was largely by fluid expansion during the initial 
years while pressure exceeded the bubble point. Al- 
though oil on the very apex of the structure was below 
its original bubble point after July, 1944, released gas 
had little effect on the pressure curve since the volume 
of oil so affected was a very small fraction of the total 
oil-in-place. 

Increases in GOR at top-structure wells were noted 
in early 1945 and a secondary gas cap was recognized. 
With time, pressure declined below the bubble point as 
far down structure as —200 ft, but gas released from 
solution apparently migrated readily up structure since 
GOR’s remained essentially unchanged except at gas cap 
locations. Field average GOR actually decreased because 
of the completion of additional down-structure wells 
producing oil with less gas in solution. 


As the Tensleep sandstone is a blanket sand, normally 
having continuous permeability over large distances, 
most Tensleep fields have a water drive. Therefore, it 
was expected that the Elk Basin field would have at 
least a partial water drive. Analysis by electric analyzer 
prior to full development of the field indicated some 
fluid influx, which was assumed to be water. Later on, 
however, it was found by subsequent development that 
the fluid which had been migrating into the former pro- 
ductive area was mostly oil. Calculations and pressure 
data now indicate water influx is negligible. 

It was obvious that some gravity drainage would oc- 
cur under continued non-unitized operation; however, 
solution gas drive with unrestricted gas production would 
also occur, resulting in relatively inefficient recovery. 


50 


Pressure and well productivity under primary operation 
would decrease comparatively rapidly. Much of the ex- 
pected recovery would occur at low rates over a very 
long period of time. Recovery under non-unitized opera- 
tions was estimated at the time to be 27 per cent of the 
oil-in-place, being mainly that recoverable by solution 
drive. 


PLANNING AND DEVELOPMENT OF THE 
PROJECT 


After the productive area had been generally out- 
lined, operators made a joint engineering study to ascer- 
tain the most efficient method of producing the reservoir. 
Need for this study was indicated by the apparent lack 
of sufficient water drive to maintain reservoir pressure 
and by favorable conditions for gravity drainage, includ- 
ing steep dip, great amount of closure, and good mobil- 
ity ratio (permeability/viscosity). The formation of a 
secondary gas cap with low produced GOR’s down 
structure indicated that some gravity segregation was 
occurring even under competitive operation (Fig. 4). 

The study was made before a workable gravity drain- 
age theory, by which recovery could be evaluated, was 
developed in 1951*. However, other projects involving 
pressure maintenance and gravity drainage under less 
favorable conditions (less dip, less permeability, and 
starting at lower pressures) had proved successful in 
the shallow second Frontier sandstone reservoirs at both 
Elk Basin and Salt Creek in Wyoming. These projects 
have been operating since 1926. Recovery of over 42 
per cent of oil-in-place is assured from each. 

The engineering committee making the study was 
unable to directly calculate recovery from a unitized 
crestal gas injection project involving gravity drainage. 
However, by analogy with the two Frontier projects, 
they were confident that at least 35 per cent recovery 
could be obtained. By starting the project early in the 
life of the field, additional benefits would occur through 
(1) maintenance of producing capacity and (2) further 
increase in oil recovery by preventing shrinkage and 
retaining low oil viscosity. 

To take all possible advantage of gravity forces and 
available reservoir energy, it would be necessary to 
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Fic. 3 — PERFORMANCE History, ELK BASIN 
TENSLEEP RESERVOIR. 


selectively produce the oil from low GOR wells and 
shut in wells producing appreciable amounts of gas. 
Such a controlled withdrawal program would require 
unitization. 

As most of the reserves would be produced at solu- 
tion ratios, future gas production rates would be fairly 
small. In processing there would be a reduction in gas 
volume of 24 per cent due to the removal of hydrogen 
sulfide and carbon dioxide and 13 per cent by removal 
of liquefiable hydrocarbons. After allowance for plant 
and lease fuel, plus compressor fuel for injecting suf- 
ficient gas to maintain pressure, only about 10 per cent 
of produced gas would be available for injection. This 
would be only a small fraction of that needed to main- 
tain pressure. Therefore, the decision was made to 
generate inert gas, an adequate supply of which could 
be obtained from plant boiler flue gases. Over nine 
volumes of inert gas are obtained by burning one vol- 
ume of hydrocarbon gas. 

Unitization became effective in May, 1946. After 
unitization, the plans for pressure maintenance using 
inert gas were completed. 


PROJECT FOLLOWING UNITIZATION 
PERFORMANCE PRIOR TO INJECTION 


As soon as unitization became effective, all wells in 
the gas cap area were shut in and a system of selective 
production from low GOR wells down structure was 
established. The effect of unitized operations and selec- 
tive withdrawals prior to the start of injection opera- 
tions is evident on Fig. 3. Even though production at 
this time had reached about 16,000 BOPD, the rate of 
pressure decline was sharply reduced and field GOR 
decreased. This can be partly attributed to a larger 
portion of the reservoir reaching the bubble point in 
the crestal region. However, the majority of oil-in-place 
was still at pressures exceeding the bubble point, so 
that flattening of the pressure curve between 1946 and 
1949 was caused primarily by shutting in high GOR 
wells. 

Field operating efficiency was improved by consoli- 
dating 46 tank batteries into eight. All pumping units 
were electrified, power being supplied by the pressure 
maintenance plant. 


PRESSURE MAINTENANCE PLANT 


The pressure maintenance plant was designed as an 
integrated unit to process produced gas, recover lique- 
fiable hydrocarbons, remove hydrogen sulfide and con- 
vert it to sulfur, and provide inert gas for pressure 
VOL. 
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maintenance. The inert gas is approximately 90 per 
cent nitrogen and other inerts and 10 per cent carbon 
dioxide, with trace amounts of carbon monoxide, sulfur 
dioxide, nitrogen oxides, and oxygen. It originates as 
flue gas from a water-tube gas-fired boiler, which is 
surrounded by a pressure-type casing and is equipped 
with means for close combustion control and flue gas 
recirculation. 

Control of potential corrosive agents is the critical 
factor in generating inert gas for injection. No more 
than .0S per cent oxygen and only trace quantities of 
water can be tolerated. Excess oxygen is primarily con- 
trolled by regulating the air-fuel ratio so that com- 
bustibles in the flue gas do not exceed .5 per cent. 
Secondary control of oxygen is obtained by means of 
the pressure-type steel casing which prevents air infil- 
tration. Cooled flue gas is recirculated through the 
casing to maintain approximately 2 in water differential 
above the fire box pressure. Formation of nitrogen 
oxides is minimized by lowering flame temperature 
about 1,000°F by diluting combustion air with flue gas. 

Flue gas from the boiler stack is delivered after 
cooling to the compressor system by means of a turbine- 
driven blower. By conventional four-stage compression, 
it is then boosted to 1,500 psi for injection. After the 
second stage of compression, it is dehydrated so that 
a dew point of —20°F at 1,500 psi is obtained. In 
addition, aqua ammonia is injected to maintain the 
pH of the water removed from the system between 
6.5 and 7.0. Through close control of the above corro- 
sion preventive measures, corrosion troubles have been 
minimized in five years of operation. A more detailed 
description of inert gas generation facilities at Elk Basin 
is given in Reference 3. 


PERFORMANCE UNDER GAS INJECTION 


The plant began processing gas in March, 1949. In- 
jection tests utilizing natural gas were commenced in 
May, 1949, and full scale injection using inert gas was 
begun in September of the same year. 

Eight injection wells are used, four located on each 
dome (Fig. 1). While producing 19,000 BOPD, injec- 
tion of approximately 9,300 Mcf inert gas per day is 
required to maintain pressure at its present level. For 
the last three years, injection volumes have averaged 
10,200 Mcf/D, which occupies about 26,500 bbl gas 
cap space. Average daily production during this time 
has been as follows: 19,000 bbl oil, 5,900 Mcf solu- 
tion gas, 800 Mcf free gas, and 370 bbl water, or 
roughly 24,200 reservoir bbl withdrawals. Net injection 
has exceeded withdrawals by an average of some 2,300 
reservoir B/D, or 9.5 per cent. 

As a result of injection volumes exceeding with- 
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TURE Map, ELK BASIN TENSLEEP RESERVOIR. 


drawals during five years of injection, gas cap pressure 
has been increased 190 psi and average reservoir pres- 
sure has been increased 175 psi (Fig. 3). Gas-oil ratio 
has remained at or near solution ratio. With the increase 
in pressure, apparently most or all of the gas which 
had been released down structure and which had not 
migrated into the gas cap went back into solution. 

Position of the gas-oil contact in April, 1954, is 
shown on Fig. 1. Its movement on the north dome 
with time is shown on Fig. 4. Its position is confirmed 
by extrapolating oil gradient up structure and gas 
gradient down structure from wells on which pressures 
have been measured below and above the gas-oil con- 
tact, respectively. That the gas-oil contact is fairly sharp 
is evident by the fact that wells go quickly to high 
GOR once the contact enters the well. Nitrogen con- 
tent in the gas cap is a good indicator of gas cap gas 
production. It is determined periodically by Orsat anal- 
ysis of gas sampled from gas cap and adjacent wells 
on test. Gas cap gas now averages about 60 per cent 
nitrogen. 

As there are some correlatable tight dolomitic streaks 
in the Tensleep section, there was some concern initially 
whether a reasonably uniform gas-oil contact could be 
maintained. Adequate cross flow between zones is now 
apparent, occurring either by communication between 
the more permeable zones or communication through 
the wells, practically all of which are completed in open 
hole. Recognizable fingering of gas cap gas down more 
permeable zones has not occurred. 

As evident on the pressure map, Fig. 5, sand-top pres- 
sure below the gas-oil contact increases down structure 
on the flanks in proportion to oil head. This indicates 
the effectiveness of gravity drainage in replacing pro- 
duced down-structure oil with oil from higher eleva- 
tions. However, on the nose areas the increase in sand- 
top pressure down structure is somewhat less than full 
oil gradient. For the gas-oil contact to be uniform, oil 
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withdrawn from down-structure wells in the nose areas 
must be replaced by lateral migration of oil from slightly 
higher areas in the central portion of the field. This in- 
volves only minor differences in elevation or fluid head 
acting across appreciable lateral distances. Thus, the 
gravity component of the force moving oil to the nose 
areas is much less than that moving oil directly down 
structure. 

At times, withdrawals from the nose areas have been 
such as to permit the fingering of gas along the axis 
from the gas cap and also the release of some gas from 
solution. By subsequently decreasing withdrawals from 
these areas, nose wells at which GOR’s had increased 
have returned to low ratios. For example, Well 28 in 
April, 1949, had a GOR of 3,000 cu ft/bbl while pro- 
ducing some 50 BOPD. After cutting back production 
from other wells on the north nose and shutting Well 28 
in for several months, tests at low rates indicated the 
well had returned to solution ratio. 


EFFECT OF INJECTION ON RATE 


As shown on Fig. 1, 37 producing wells which had to 
be pumped prior to start of injection are now flowing. 
Without gas injection, it is estimated that the field would 
be capable of producing at a rate of 20,000 BOPD until 
the year 1957. Under unitized pressure maintenance, it 
is expected that 20,000 BOPD could be maintained for 
12 additional years, or through the year 1969. Assuming 
20,000 BOPD market demand, 24 million bbl more oil 
should be produced through 1969 under pressure main- 
tenance than under non-unitized operations. This is an 
important aspect of the project, but even more impres- 
sive is the high ultimate recovery discussed below. 


THEORETICAL RECOVERY 


The Elk Basin Tensleep reservoir has favorable con- 
ditions for gravity drainage. The steep-sided structure 
with over 2,300 ft of oil-filled closure (Fig. 4) allows 
the difference in oil and gas density to be effective in 
moving oil down structure to producing wells. Viscosity 
of the oil is low enough and permeability high enough 
that gravity drainage can operate at significant rates. 
Only a small percentage of the ultimate recovery need 
be recovered during the stripper stage. 

Recoveries from the reservoir have been calculated 
using the gravity drainage theory described in Refer- 
ence 1. The two main equations for calculating recov- 
eries, Originally presented by Leverett and Buckley*® in 
1941 and 1942, are (in conventional units) : 


K,A (0P.0S. 
fe Or ( OS (1) 
Ky 
Kg [to 


II 


fraction of gas flowing at any point, i.e., (gas 
flow rate) /(gas flow rate + oil flow rate), all 
at reservoir conditions 
K = effective permeability (Darcys) 
A = cross-sectional area of flow path (sq ft) 
Q, = total reservoir flow rate in the u direction (B/D) 
through area A 
viscosity (cp) 
P. = capillary pressure (psi) 
S = saturation to a particular phase (fraction) 
u = length in the direction of flow (ft) 
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gAp = gravity gradient due to gas and oil density differ- 


ence (psi/ft) 


= angle of u with horizontal, read minus down- 
ward 
© = time (days) 


= porosity fraction 
x,o denote gas and oil, respectively 

From the first equation, a curve of f, vs saturation 
(Fig. 6) for a particular rate may be computed. Using 
that and Equation 2, saturation vs height above the 
gas-oil contact (Fig. 7) can be drawn. From the latter, 
the average residual saturation and recovery can be 
calculated. 

For reservoirs of high relief, change in capillary pres- 
sure with change in gas saturation (0P./dS,) and change 
in gas saturation with change in distance (0S,/du) in 
Equation 1 need not be calculated. This is true because 
capillarity has an appreciable effect on recovery over 
only a limited portion of the gas cap (the so-called sta- 
bilized zone in Reference 1). The portion appreciably 
influenced by capillarity is that immediately adjacent to 
the gas-oil contact. When this is small relative to the 
total volume of the gas cap, it may be ignored. At pres- 
ent, the stabilized zone in the Elk Basin Tensleep reser- 
voir is less than 3 per cent of the gas cap volume. It is 
only 5 to 10 ft out of the total gas cap height of some 
440 ft as shown on Fig. 7. As the gas front advances it 
will become even less important. 


SHORT-CUT METHOD 


For reservoirs of high relief, a short-cut method of 
estimating recovery is available. This is based on the 
work of Welge® which showed that average gas satura- 


tion at gas breakthrough, S,, may be calculated directly 
from the slope of the f, vs S, curve at its point of tan- 
gency with a straight line drawn from the origin, as 
follows: 


Subscript . denotes the point of tangency. 


In practice, Equation 3 need not be used because S, 
may be read directly at the point found by extending the 
tangent to its intersection with the f, = 1.0 line.’ The 
proof is indicated on Fig. 6 by means of similar tri- 
angles above and below the point of tangency as indi- 
cated by the shaded areas. 

By use of this short-cut, the fractional flow equation 
with the capillary pressure term deleted (see Appendix) 
is adequate for estimating recovery. It is not necessary 
to measure the slopes of any lines as required in the 
regular procedure. This reduces the amount of work 
involved in the estimation substantially and eliminates 
a source of error. It may be used any time the total 
system is long compared to the length of the stabilized 
zone. The significance of the stabilized zone can be 
judged from the length of the transition zone on the 
air-oil capillary pressure curve (converted to feet of 
height). However, by itself this is not a sure criterion 
because the length of the stabilized zone is influenced 
by other factors, such as rate and permeability. 


RECOVERY To DATE 

An example of the short-cut method is given in the 
Appendix and Fig. 6. In the example, recovery from 
the gas cap area is computed as of April, 1954, using 
appropriate values for the variables and the average 
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saturation at breakthrough, se for the current oil pro- 
ducing rate is .59. Dividing by .92, the initial oil satura- 
tion, a figure of 64 per cent is obtained for the recovery 
realized to date from the area already depleted. Fig. 7 
has been added to show the corresponding saturation 
distribution vs height. 

By making a series of calculations for different pro- 
ducing rates and holding all variables except rate con- 
stant, a curve like one of those in Fig. 8 results. Fig. 
8 shows how theoretical recovery is influenced by the 
variables in the fractional flow Equation 1. Variables 
were changed to extreme limits expected and recoveries 
calculated using these extreme values. This graph 
clearly shows the importance of permeability, angle of 
dip, and viscosity on recovery by gravity drainage 
at Elk Basin. 


ULTIMATE RECOVERY 


Assuming a lower producing rate prior to gas break- 
through at the lowest row of wells, Fig. 8 indicates 
that ultimate recovery from formation of more than 
12 md may exceed the 64 per cent calculated for recov- 
ery to date. However, ultimate recovery from Tensleep 
formation of less than 12 md should theoretically be 
lower than that shown by Curve 9, other variables the 
same; but laboratory data were not available to in- 
vestigate this range. On the other hand, there may be 
cross flow into the more permeable strata which would 
tend to permit high recovery from the low permeability 
rock. The check between theoretical recovery and that 
determined from field performance (see a later section), 
and the fairly uniform movement of the gas-oil contact, 
may be interpreted as evidence that such cross flow is 
occurring. Some 16 per cent of the initial oil-in-place 
is in formation of less than 12 md permeability. 

Calculated recoveries may apply down to the lowest 
ring of producing wells, a number of which are yet 
to be drilled. Below that elevation, the position of pro- 
ducing wells will not allow gravity drainage to be very 
effective. Oil on the very perimeter of the field will be 
recovered during and after blowdown and will be in- 
fluenced by solution gas drive. 

An outstanding feature of the theoretical analysis is 
that, regardless of intermediate rates, ultimate recovery 
for the reservoir should correspond to the producing 
rate at time of gas breakthrough to the lowest ring of 
wells. This is because saturation distribution should 
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readjust rapidly after change of rates as indicated by 
research experiments with packed sand columns. How- 
ever, the statement holds only if all wells are shut in 
immediately upon gas breakthrough; and this conting- 
ency plus well capacity may limit the practical current 
producing rate to some extent. Readjustment of satura- 
tion distribution with decreasing rate results in higher 
recovery as indicated on Fig. 8. 


FACTORS IN THEORETICAL CALCULATION 


Theoretical recovery, both ultimate and that obtained 
from the area depleted to date, is of course subject to 
qualification. The main problem in applying the method 
at Elk Basin is to choose proper values for the factors 
in Equation 1. From detailed log and core study, it was 
concluded that sufficient homogeneity exists to permit 
use of average values for all factors. Thus, calculation 
by sections was eliminated, keeping computations down 
to practical limits. 

With pressure being maintained, Q,, which represents 
net fluid flow from the gas cap, was assumed to be the 
oil producing rate converted to reservoir conditions. The 
values of Q, were arbitrarily chosen between 500 and 
50,000 BOPD to cover any foreseeable future producing 
rate. This permitted a complete evaluation of the effect 
of rate on recovery, although it will not be physically 
possible to produce at the higher rates continuously to 
abandonment. 

The cross-sectional area at the gas-oil contact per- 
pendicular to flow, A, is considered to be constant in 
the theoretical derivation. However, in actuality the area 
may vary with time due to the shape of the reservoir. 
In estimating recovery, the area used is that existing at 
the gas-oil contact corresponding to the stage of de- 
pletion studied. 

The permeability to oil, K,, was taken as an average 
for the entire reservoir. For the condition of no gas 
saturation, it was calculated from PI data obtained 
when the producing bottom-hole pressure was above 
the bubble point. Relative permeability characteristics 
were taken from laboratory flow tests. For the several 
samples tested, there was fairly close agreement in both 
the K,/K and K,/K, relationships so that an average 
graph of test results could be used. 

The value used for viscosity was a weighted average 
since viscosity varies with structural elevation. Averag- 
ing was also necessary to account for change in gas-oil 
contact and for the natural mixing which takes place as 
oil migrates down structure. No allowance for viscosity 
change due to pressure variation was made because 
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most of the oil will be above its bubble point for a 
major portion of the reservoir’s life. 

The factor gAp was computed from the difference in 
density of reservoir oil and gas cap gas. Weighted aver- 
ages were used because of the variation in density with 
structural elevation. 

The value « was taken as the average dip angle. 
Dip on the east flank is considerably different from 
that on the west and on the noses. Recovery could be 
calculated separately for each flank, and this was ac- 
tually done; however, an average dip angle was de- 
termined later which would give approximately the 
same answer. Recovery from the nose areas, where dip 
changes rapidly and flattens, is expected to be somewhat 
less than that from the flanks. 

In calcuating theoretical recovery, complete mainte- 
nance of pressure has been assumed to depletion. Some 
shrinkage of oil-in-place should occur eventually as a 
result of (1) a drop in pressure after termination of 
injection and (2) the effect of injected nitrogen in re- 
ducing the solubility of hydrocarbon gas in crude oil. 
Such shrinkage and its effect on oil viscosity would 
cause recovery from the lower portion of the reservoir 
to be less than that otherwise anticipated. 


RECOVERY FROM FIELD PERFORMANCE 


Recoveries as calculated by the gravity drainage 
theory may be checked by field performance using the 
“net vacated space” method. All reservoir space form- 
erly occupied by oil but now occupied by free gas is 
compared with the total hydrocarbon pore volume of 
the gas cap. This represents recovery if essentially all 
free gas remaining in the reservoir is in the gas cap. 
This is believed true because (1) wells immediately 
below the gas cap produce at low GOR’s, (2) pressure 
has increased sufficiently to have caused any free gas 
existing down structure to go back into solution, and 
(3) equilibrium gas saturation according to laboratory 
flow tests is less than 1 per cent. 

Net reservoir space vacated is evaluated as follows: 

G =ng,+(N-n) (8B. 8B) +w-L 
G = net reservoir space vacated and now occupied by 
free gas 

= original stock tank oil-in-place 

n = cumulative stock tank oil produced 
£8, = original reservoir volume factor for oil 
f& = reservoir volume factor for oil after producing n 
barrels 
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w = cumulative water production 
L = cumulative liquid injected plus water influx 

Net water encroachment into the reservoir is taken to 
be zero. To April, 1954, some 300,000 bbl of surplus 
butane and propane have been injected near the gas- 
oil contact. 


Total field oil-in-place was calculated by the material 
balance method. However, in order to do this it was 
first necessary to get average oil properties by weighting 
for oil-in-place vs contour intervals as determined from 
pore-volume calculation. Then, by finding a porosity 
cut-off which would make the pore-volume estimate of 
oil-in-place agree with that determined from the mate- 
rial balance, it was possible to obtain an applicable 
curve of pore volume vs elevation. If the elevation of 
the gas-oil contact at a particular time be known, the 
corresponding gas cap pore volume could then be read. 

Recovery as of April, 1954, determined by this meth- 
od is as follows: 

Hydrocarbon Pore 

Volume Above Per Cent 

by Liquid Gas-Oil Contact Recovery 


69,100,000 bbl 105,500,000 bbl 66 


The 66 per cent figure is reasonably close to the 64 
per cent calculated by the theoretical method. The ac- 
curacy of the calculation of recovery from field per- 
formance depends on the accuracy with which the 
gas-oil contact and the pore volume above this contact 
may be determined. It also depends on the validity of 
the premise that there is negligible water influx and 
only minor amounts of free gas below the gas-oil con- 
tact. Therefore, recovery determined from field per- 
formance so far must also be qualified and may not 
apply precisely to recovery from the undepleted sec- 
tion. However, the method becomes more reliable with 
time because error in determining gas cap volume is 
less significant as the gas cap becomes larger. 


Net Space Vacated 


MM.A.R Y 


1. For the portion of the Elk Basin Tensleep reser- 
voir depleted to date, there is reasonably close agree- 
ment between theoretical recovery (64 per cent) and 
that calculated from field performance (66 per cent). 

2. In spite of the qualifications required, there is 
ample reason to believe that the theoretical calculations 
can be adapted with experience to reliably predict re- 
covery by gravity drainage with pressure maintenance 
under conditions such as those existing at Elk Basin. 

3. The Elk Basin Tensleep unitized operation, utiliz- 
ing gravity drainage and inert crestal gas injection, is a 
model of modern conservation practice. As confirmed 
by field performance, the secondary recovery program 
is resulting in very efficient recovery of oil-in-place, 
exceeding original expectations. Economic success is 
further assured by sustained field producing capacity, 
reduced operating problems, and recovery of plant 
products. 


A OW LEDGM EN:T 


The writers thank the management of Stanolind Oil 
and Gas Co. for permission to prepare and present 
this paper. 


REFERENCES 


1. Terwilliger, Wilsey, Hall, Bridges, and Morse: “An 
Experimental and Theoretical Investigation of Grav- 


VOL. 204, 1955 


ity Drainage Performance,” Trans. AIME (1951), 
192, 285. 

2. Espach, R. H., and Fry, Joseph: “Variable Charac- 
teristics of the Oil in the Tensleep Sandstone Res- 
ervoir, Elk Basin Field,” Trans. AIME (1951), 192, 

3. Harvey, R. J., and Krebill, F. K.: “Elk Basin — The 
Cinderella Field,” Pet. Engr. (February, 1954), 26, 
A-37. 

4. Leverett, M. C.: “Capillary Behavior in Porous 
Solids,” Trans. AIME (1941), 142, 152. 

5. Buckley, S. E., and Leverett, M. C.: “Mechanism 
of Fluid Displacement in Sands,” Trans. AIME 
(1942), 146, 107. 

6. Welge, H. J.: “A Simplified Method for Comput- 
ing Oil Recovery by Gas or Water Drive,” Trans. 
AIME (1952), 195, 91. 

7. Craig, F. Geffen, M., and Morse, 
Recovery Performance of Pattern Gas or Water 
Injection Operations from Model Tests,” Trans. 
AIME (1955), 204, 7. 

8. Bicher, L. B., and Katz, D. L.: “Viscosity of Nat- 
ural Gases,” Trans. AIME (1944), 155, 246. 


12) Jet IN| 1D) IE 


Example — Calculation of theoretical recovery for 
19,000 BOPD rate from Elk Basin Tensleep Reservoir, 
gas-oil contact at +237 ft. 

Step 1. Compute values of f, corresponding to differ- 
ent values of S, assumed; plot graphically (Fig. 6). 


Equation: f, = 1—1.128K,A (—gApsing ) 
Qifo 
K, bo 
(1) (2) (3) (4) (5) (6) (7) (8) 
— 1.128 g Apsina Col. 3 K f 
OTE, 
-80 .0000 .000 000 1.000 .000 1.000 1.000 
.70 .0001 -016 x 10-% 002 998 .003 1.000 998 
-60 .0019 : .041 077) 1.001 958 
.50 .0067 1.09 -144 -856 .589 1.005 -852 
-40 .0155 2.52 RY -668 2.38 1.019 -656 
.30 .0298 4.71 -639 1.057 


S,, assume values downward until tangent can be drawn 
to f, vs S, curve as on Fig. 6. 
K, = K./K (from laboratory data) times .091 Darcy. 
[to = 2.24 cp, from bottom hole sample analysis. 

gAp = oil gradient of .351 psi/ft minus the gas gra- 
dient of .026 psi/ft. 

30°, average dip for both flanks. 

.00382 B/D/sq ft, (166 B/D/acre) = rate of 
production, 19,000 BOPD, converted to 
reservoir conditions using RVF of 1.161, 
divided by flow path area, 5.78 X 10° sq ft, 
at the gas-oil contact. . 


R 


IK; 


, relative permeability data from laboratory flow tests. 


[tg = .0177 cp, calculated by the method of Bicher 
and Katz.° 


Step 2. Draw tangent to f, vs S, curve starting from 
origin and intersecting the line f, = 1.0. The value of 
S, at this point of intersection closely represents the 
average residual gas saturation; the value as read from 
Fig. 6 is .59. 


Step 3. Fractional recovery = S,/(1-connate water 
saturation) = .59/.92 = .64. tI 


DISCUSSION 


LINCOLN F. ELKINS 
MEMBER AIME 


Petroleum literature contains only a few examples of 
performance of gravity drainage reservoirs and these 
are limited primarily to end results with only partial 
analysis of intermediate drainage rates and recovery 
efficiencies. A few years ago co-workers of the authors 
developed a workable theory of gravity drainage which 
agreed closely with laboratory experiments, and the 
authors have extended its use to check the past per- 
formance and to predict future performance of this 
important reservoir. Together these represent a notable 
step forward in petroleum reservoir engineering. Their 
efforts and the permission for early publication of these 
results granted by their employer are gratefully appre- 
ciated. 

Beyond the concise description of the Elk Basin Ten- 
sleep reservoir, its performance under primary opera- 
tion, and the results of the unique flue gas injection 
pressure maintenance program, the main thesis of the 
paper is the almost identical agreement between past 
recovery efficiency calculated from field performance 
(66 per cent) and that calculated from gravity drain- 
age theory (64 per cent) for that portion of the res- 
ervoir above the gas-oil contact. Such high average 
recovery efficiency so early in the performance of the 
reservoir and such excellent agreement between theory 
and practice are surprising, particularly when the Ten- 
sleep is not one uniform continuous sand section but 
consists of many sand members of varying permeability 
separated by correlatable tight dolomitic streaks. No 
correction for effects of variable permeability profile is 
indicated in the theoretical calculations in the paper. 
Therefore it is appropriate to consider the range of 
uncertainty in recovery efficiency calculated from field 
performance due to the authors’ two basic assumptions 
of no significant water influx and only minor amounts 
of free gas saturation below the gas-oil contact used in 
the analysis. 

The electric analyzer study of water influx into this 
reservoir mentioned in the paper had available that por- 
tion of the pressure-production period from 1942-44 
when the entire reservoir was above the saturation pres- 
sure so complications due to variable saturation pres- 
sure, varying actual pressures at different structural 
positions, etc., did not arise. Analyzer prediction of 
water influx using the actual pressure history that has 
since occurred at Elk Basin totals some 12 million bbl 
to date, at least half of which would have occurred 
while there was a column of about 300 ft between the 
lowest known oil point tested in wells and the top of 
the sand in the dry hole at the west boundary of the 
unit area. The total calculated water influx is less than 
2 per cent of the reservoir volume and it would cause 
a rise in oil-water contact of just 70 ft at 50 per cent 
displacement efficiency. The water level established by 
more recent drilling is approximately this far above the 
dry hole drilled before unitization. This amount of 
water influx would reduce the calculated recovery effi- 
ciency from 66 per cent to 54 per cent for that portion 
of the reservoir above the gas-oil contact. 

By May, 1945, the reservoir at Elk Basin had de- 
clined about 700 psi below the initial pressure. At that 
time the discovery Tensleep well was completed in the 
South Elk Basin field located about 2 miles southwest 
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of the limits of Elk Basin. The pressure there was about 
400 psi lower than the Elk Basin pressure initiaily after 
proper correction for the oil and water columns be- 
tween the two datum levels. Although not actual proof, 
this certainly is presumptive evidence of some signif- 
icant water influx. 

Prior to gas injection actual reservoir pressure had 
declined to the saturation pressure as low as the —200 
ft level, whereas the present gas-oil contact is in the 
vicinity of +200 ft to +300 ft. For these conditions 
it is estimated that some 5 billion cu ft of gas was 
released from solution and at the reservoir conditions 
this would occupy some 12 million bbl space equivalent 
to about 6 per cent average gas saturation. Certainly 
some of this has migrated up-structure and some of it 
has been redissolved in oil during the period of increas- 
ing pressure, but the actual quantities are indeterminate. 

In another smaller reservoir having similar dip but 
higher core permeability and much lower oil viscosity 
than Elk Basin, reservoir pressure was reduced hun- 
dreds of psi below the saturation pressure before there 
was a significant increase in gas-oil ratio of wells in 
mid-flank positions. Two new wells some 400 ft to 700 
ft higher than the mid-flank wells and very near the top 
of the structure were completed shortly after gas-oil 
ratios began to increase in the mid-flank wells. Gas-oil 
ratios of the new wells were comparable to those of 
the older wells. If no free gas had migrated updip, the 
gas saturation in the vicinity of these mid-flank wells 
would have been of the order of 12 per cent. If all the 
gas had migrated updip the resulting gas cap should 
have encompassed the new wells, which is contrary to 
their gas-oil ratio performance initially. Thus it appears 
gas saturations of quite a few per cent can be achieved 
in some cases before sufficient effective permeability to 
gas develops to permit significant flow of gas updip. 

Combining electric analyzer prediction of 12 million 
bbl of water influx and possible free gas saturation up 
to 12 million bbl below the gas-oil contact would re- 
duce the calculated oil recovery efficiency to 42 per 
cent for the region above the gas-oil contact. The actual 
value is probably somewhere between this 42 per cent 
and 66 per cent calculated neglecting water influx and 
any free gas below the gas-oil contact if all other res- 
ervoir factors are correct. Even 42 per cent oil recov- 
ery efficiency so early in the field life is an example 
of excellent reservoir performance. 

Since to me there is some doubt that the actual oil 
recovery efficiency has so closely approached the the- 
oretical calculations with no correction for variations 
in permeability between the various separate members 
of the Tensleep Sand, I should like to ask the authors 
two questions: 


1. What method of material balance calculation was 
made to properly account for the widely varying fluid 
properties and saturation pressures, and varying 
amounts of oil which were below the saturation pres- 
sure such that calculations and pressure data indicate 
water influx has been negligible? 

2. Have there been any selective recompletion tests 
of wells in the gas cap region which confirm a high 
oil recovery efficiency in each sand section of the Ten- 
sleep? tok 
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AUTHORS’ REPLY TO LINCOLN F. ELKINS 


As stated in the paper, the accuracy of recovery 
calculated from field performance depends largely on 
(a) the determination of pore volume above the gas-oil 
contact and (b) the validity of the basic premises that 
there is negligible water influx and only minor amounts 
of free gas below the gas-oil contact. Lincoln F. Elkins 
attempts to find the range of uncertainty in calculated 
recovery considering maximum error which could occur 
in the premises (b). 


WATER INFLUX 


Three things substantiate the statement that water 
influx is negligible: (1) material balance calculations, 
(2) direction of datum-pressure gradient, and (3) WOR 
history on individual wells. 

At the time the analyzer study was made, the field 
was only partially developed and pressure data were 
from wells above the minus 500-ft contour. The study 
showed several thousand barrels per day fluid coming 
into the developed area. Datum pressures increased gen- 
erally toward the boundary of the developed area, this 
being considered proof of water influx. After further 
development down-structure, however, the direction of 
the pressure gradient became reversed, pressure con- 
sistently decreasing toward the edge. From that time to 
start of injection, material balance calculation with time, 
assuming no water influx, gave reasonably consistent 
values for oil-in-place. No increasing trend in calculated 
oil-in-place was observed. These data support the as- 
sumption of negligible influx. Obviously, fluid had been 
moving into the developed area at the time of the ana- 
lyzer study, but apparently that fluid was mostly oil 
from the undeveloped portion. 

Further substantiation of negligible influx is the WOR 
history on individual wells. Per cent water has grad- 
ually decreased at nine wells, four have produced a con- 
sistently small per cent, and only two have shown an 
increase. As an example, at one well per cent water de- 
creased gradually over a four years’ period from 75 
to 26. 

In answer to Elkins’ first question, average oil prop- 
erties weighted according to oil-in-place by horizontal 
segments were used in the material balance. Allowance 
was made for the effect of down-structure migration on 
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oil properties. The properties at the time of a particular 
survey were taken as those for the elevation from which 
the oil had migrated but at the pressure of the segment 
it then occupied. 

Cumulative influx cannot be precisely evaluated. Cer- 
tainly some has occurred, but it is believed to be a rela- 
tively small amount, undoubtedly much less than the 12 
million bbl mentioned by Elkins as a maximum. 


FREE GAS SATURATION 


The amount of free gas saturation which exists be- 
tween —200 ft and the present gas-oil contact is less 
certain. The paper listed three things substantiating the 
contention that minor amounts of free gas exist below 
the gas-oil contact. To amplify on these, at sea level 
elevation initial bubble point was 1,205 psi, lowest pres- 
sure reached was 1,060 psi, and pressure in April, 1954, 
was 1,235 psi. Since the latter is greater than initial 
bubble point, gas released below this elevation should 
have gone back into the solution. At + 100 ft, initial 
bubble point was 1,230, lowest pressure reached was 
1,025, and April, 1954, pressure was 1,200 psi. This is 
only 30 psi below the initial bubble point for this eleva- 
tion; and, the pressure increase is sufficient to have put 
several per cent gas saturation back into solution. Re- 
gardless of the exact value of equilibrium gas saturation, 
it is apparent that there should be little free gas cur- 
rently existing on the flanks below the gas-oil contact in 
view of the increase in pressure which has occurred. By 
inspection of Fig. 5, however, it is reasonable to believe 
that some gas saturation likely exists on the noses below 
the contact. 

The authors do not wish to give the impression that 
recovery determined from field performance to date is 
known exactly. Limitations on the method must be rec- 
ognized; however, the basic premises used are believed 
justified even though both would tend to make calcu- 
lated recovery too high. The authors believe that the 
range of uncertainty discussed by Elkins is much too 
broad; i.e., recovery obtained is much closer to 66 than 
42 per cent. 

In answer to Elkins’ second question there have not 
been any selective recompletion tests of wells in the gas 
cap region. 


DEVELOPMENT and APPLICATION of “FRAC” TREATMENTS 
in the PERMIAN BASIN 


R, E. HURST 
DOWELL INCORPORATED 
MIDLAND, TEX. 
D. E. RAMSEY 
JUNIOR MEMBER AIME 


AUB 

The “frac” method of well stimulation has been 
applied successfully to all producing formations in the 
Permian Basin area. During the five years since its 
development, many changes and improvements have 
been made in treating materials, procedures, and equip- 
ment. 

A number of fluid carrying agents, having different 
physical and chemical properties, have been developed 
to meet various well requirements. The current trend is 
toward larger gallonage treatments, employing higher 
injection rates. The use of “down-the-casing”’ techniques 
has greatly reduced high surface working pressures, 
attributable to friction losses resulting from injection 
through tubing. 

Petrographic studies of various Permian Basin forma- 
tions, coordinated with laboratory and well log data, 
have been found a valuable guide in planning frac treat- 
ments. A knowledge of the extent and orientation of 
naturally occurring fractures and planes of weakness in 
the formation, aid in predicting the ultimate drainage 
pattern resulting from the frac treatment. 


The South Permian Basin covers an area in West 
Texas and New Mexico about one-half the size of the 
state of Texas. This vast region has been called the 
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“Permian Basin” for so long that the term will be used 
here. It includes an area south of the Matador Arch, 
approximately 250 miles wide and 300 miles long. Struc- 
tural features of importance within the basin are the 
Northwest Shelf, Eastern Platform, Midland Basin, Cen- 
tral Basin Platform, and Delaware Basin. The principal 
producing formations include sand, limestone and dolo- 
mite, with lesser amounts of shale, anhydrite, chert, and 
various silicates. 


All of the producing formations in the Permian Basin 
have responded to some type of frac treatment. Essen- 
tially, a frac treatment may be defined as the injection, 
into a formation, of a fluid carrying agent containing 
a particulated solid (usually sand), for the purpose of 
increasing production. The application of this method of 
well stimulation to many differing Permian Basin reser- 
voirs has necessitated numerous changes and improve- 
ments in carrying agents, solids, service equipment, well 
equipment, and treating techniques. 


A number of different types of fluid carrying agents 
have been developed since the introduction of the frac 
method of well stimulation. These agents have different 
physical and chemical properties, and in many cases the 
extent of production increase derived from the frac 
treatment depends on the choice of fluid carrier. Un- 
fortunately, due to many different systems of nomencla- 
ture used in the oil field, these differences are not always 
recognized by the oil operator. In general, carrying 
agents may be divided into the following broad classi- 
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neations: (1) hydrocarbon gels, (2) aqueous gels (acid 
or water), (3) emulsions, (4) refined oil, (5) lease oil, 
and (6) miscellaneous fluids. 


HYDROCARBON GELS 


Most hydrocarbon gels used as carrying agents are 
quite similar, whether made from gasoline, kerosene, 
diesel oil, or crude oil. They are produced by adding 
a gelling or thickening agent (usually a metallic soap or 
the salt of a fatty acid) to the hydrocarbon. This re- 
sults in materially increasing the viscosity of the fluid, 
the extent depending upon the concentration of gelling 
agent added. The ability of hydrocarbon gel to suspend 
sand is a function of the viscosity and density of the gel, 
and the size and shape of the sand grains. 

These hydrocarbon gels may be caused to “break” or 
lose their viscosity in several different ways, depending 
upon the type of gelling agent used. The presence of an 
electrolyte, such as salt water or a mineral acid, will 
cause most of these gels to break. Thinning of the gel 
may also be accomplished by dilution with additional 
quantities of hydrocarbon fluid. 


AQUEOUS GELS 


Water-base gels, such as thickened hydrochloric acid, 
are similar in many respects to hydrocarbon gels. The 
type of gelling agent used (usually a carbohydrate or 
cellulose derivative) determines how the gel breaks and 
what will break it. As a rule, a gelling agent is chosen 
which will permit the gel to break on contact with the 
reaction products of the acid and the formation, or as 
a result of bacterial growth within the gel itself. Care 
should be taken not to use a gelling agent that will 
precipitate out in insoluble form after the acid has be- 
come spent. The sand suspending ability and fluid loss 
characteristics of these aqueous gels are related to their 
viscosity and density, as in the case of the hydrocarbon 
gels. 

Gelled acids are adaptable to a wider variety of well 
conditions than are hydrocarbon gels, since the type 
of acid and concentration may be varied, dependent 
on the solubility of the formation. Additional agents, 
which minimize emulsifying and silicate-swelling ten- 
dencies of the acid, have been used to advantage in 
many areas. The viscosity of the gel may be varied 
over a wide range as desired. 

The use of gelling agents for the thickening of 
fresh water or brine is desirable for frac treatments 
on fresh water wells or water injection wells, where 
the injection of oily fluids might be undesirable. Such 
gels are thinned by bacterial action or by dilution 
with formation fluid. 


EMULSIONS 


The term “emulsion” until recently has been synon- 
ymous with trouble in the oil fields. When prop- 
erly used, however, emulsions have been found ex- 
tremely helpful. Emulsions have a number of advan- 
tages and disadvantages when compared with the gels 
as possible carrying agents. Although they have high 
fluid loss in comparison with the true gels, they possess 
excellent sand carrying characteristics. 

Essentially, an emulsion consists of a homogeneous 
mixture of two immiscible fluids, one of which exists 
in the form of tiny droplets as the inner phase, sur- 
rounded by the other fluid known as the outer phase. 
Normally such mixtures rapidly separate into two 
distinct. layers; however, certain types of chemical 
compounds, known ‘as emulsifying agents, have the 


VOL. 204, 1955 


ability to keep such liquids in emulsion form for in- 
definite periods of time. Such emulsifying agents fre- 
quently occur naturally in crude oils, resulting in 
troublesome emulsions of crude oil and brine. Such 
emulsions are thick and gooey, and interfere with the 
production of oil from a well. 


The emulsions used as carrying agents in frac 
treatments are physically similar to these naturally 
cccurring emulsions; however, the emulsifying agents 
used produce relatively unstable emulsions which tend 
to break down, once they have entered the formation. 
The two principal emulsion type carrying agents used 
in frac treatments are acid/kerosene emulsions, and 
crude oil/ water emulsions. 


The physical and chemical properties of an emul- 
sion are determined by the emulsifying agent, the 
volumetric ratio of the two liquids in the emulsion, 
and the amount of agitation given the mixture. 

Acid/kerosene emulsion type carrying fluids will 
break down on contact with acid reaction products, 
or because the emulsifying agent is adsorbed onto 
the formation. Oil/water type emulsions may be 
broken by the presence of any material tending to 
reverse the emulsion, so that water becomes the outer 
phase. Most emulsions are sensitive to heat. Regular 
crude oil treating compounds will usually break emul- 
sion type carrying agents. Dilution of the outer phase 
will thin the emulsion to a lower viscosity. 


One of the chief advantages of this type carrying 
fluid is that an external gel-breaker is not required to 
cause the viscous fluid to revert to a thin, free-flowing 
liquid. This is particularly advantageous in low bot- 
tom-hole pressure wells, where lengthy cleanup pe- 
riods are required after other type frac treatments. 


In most crude oil/water type emulsions, the water 
and emulsifying agent make up less than 4 per cent 
of the total volume. Such emulsions break down in 
the presence of an electrolyte such as brine or acid. 
They are readily thinned by dilution with crude oil. 
If a low fluid loss carrying agent is desired, the 
aqueous phase of the emulsion may be made from 
thickened fluids. Inert solid particles also may be 
added to reduce the fluid loss. 


REFINED OILS 


The term “refined oils” as used here refers to any 
crude oil from which the very light and very heavy 
hydrocarbons have been removed. This would include 
kerosene, heavy fuel oils, and all intermediate prod- 
ucts. Since the heavier oil fractions are more com- 
menly used in frac treatments, they will be discussed 
first. 

Certain green, paraffin-base crude oils when re- 
fined properly, will yield a dark green viscous prod- 
uct which boils between 350°F and 750°F at atmos- 
pheric pressure. This oil fraction, commonly called 
“fuel oil” by refinery personnel, can be made into an 
ideal: frac fluid by blending with a high analine point 
hydrocarbon, such as kerosene or diesel oil, to thin to 
desired viscosity. 

Kerosene and diesel oil have been used as carrying 
agents in wells already having open fractures. Such 
treatments are valuable in removing paraffin deposits 
from the formation and wellbore or to clean up emul- 
sions caused by a previous treatment, drilling fluid, 
or formation water. When used in wells where emul- 
sion difficulties have been encountered, a demulsify- 
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ing agent usually is added to the kerosene or fuel 
oil. It is important that preliminary tests be run to 
determine the proper agent to be used. Most refined 
oils have less tendency to form emulsions than does 
lease oil, due to the removal of fine solid particles by 
the refining process. 

Care should be taken when using refined oil as a 
carrying agent to choose one having a pour point at 
least 20 degrees below the formation temperature of the 
well in order to avoid precipitation of wax crystals from 
the oil, a phenomenon taking place at 12 to 15 degrees 
above the pour point of the oil. 


LEASE OILS 

At the start of most frac treatments, a volume of 
crude oil is pumped into the formation in order to deter- 
mine the “breakdown” and feeding pressures, and the 
injection rate. In some cases it is possible to follow this 
with sand-laden crude oil, utilizing the crude oil as 
a carrying agent. 

Such a procedure has certain advantages. For one 
thing, if the crude oil is from the well in which it is 
used, no emulsion trouble should be experienced. If 
a high gravity crude is used, the well should clean up 
readily. 

Such advantages are, however, more than offset by 
the disadvantages attendant the use of crude oil as a car- 
rying agent: 

1. Most crude oils have very poor sand-suspending 
properties. Low concentrations of sand must be used or 
the crude will be difficult to pump and “screen-outs” are 
likely to occur. As a result, larger gallonage treatments 
and higher pumping rates are required to displace a 
given amount of sand into the formation. 

2. The fluid loss of most crude oils is very high. 
Higher injection rates are required in order to accom- 
plish the same fracture penetration obtained through the 
use of more viscous fluids. 

3. Sand screen-outs or bridging frequently occurs 
when attempts are made to pump sand and crude oil 
through casing perforations. 

4. Crude oils not native to the formation in which 
they are used may cause emulsion problems and difficult 
“clean-up.” 

5. A definite fire hazard exists when crude oils are 
handled in open tanks around pumping equipment. 

Sand settling rates are much higher than those of the 
refined oil carrying agents. At formation temperatures 
the fluid loss of most crude oils is too high to be meas- 
ured with standard equipment. 


SAN D 


The exact function of the solids used during a frac 
treatment is somewhat controversial. Several theories 
have been proposed, namely, that: 

1. The solid particles penetrate planes of weakness, 
propping them open after the carrying agent has been 
removed. 

2. The particles act to scour or erode the walls of the 
passages through which they are displaced. 

The solids used in a frac treatment are chosen on the 
basis of the following properties: particle size, shape, 
hardness, compression strength, permeability of a packed 
column, reaction with well fluid, availability, and econ- 
omy. Silica sand that has been washed and screened 
appears to be the most practical material for this use. 
The most popular size is 20-40 mesh, which consists of 
sand grains having diameters from 0.015 to 0.030 in 
(0.4 to 0.8 mm). 


60 


The Humble Oil and Refining Co. has suggested the 
adoption of a visual roundness evaluation chart origi- 
nally proposed by Krumbein.’ This is shown in Fig. 1. 
Roundness is thus defined as the ratio of the average 
curvature of the several corners to the radius of curva- 
ture of the largest inscribed circle on the projected 
image of the sand grain. 

The commonly used 20-40 mesh, round grain sand 
(see picture .6 on roundness chart, Fig. 1) has a packed 
permeability of 105 Darcys. In general, the larger the 
grain size, the greater the permeability, with angular 
shaped grains having a somewhat lower permeability 
than round grains of equal size. Field data indicate that 
a high degree of roundness is desirable in order to place 
more sand into a formation without bridging. 


The concentration of sand carried in the frac fluid is 
governed by the equipment through which it must be 
pumped, the type of carrying agent, and the nature of 
the formation being treated. The quantities of sand and 
carrying agent should be carefully chosen when plan- 
ning a frac treatment. 


In general, the more sand displaced into the forma- 
tion, the better the results will be. This holds true 
whether either the propping or scouring theory is ap- 
plied. The maximum concentration of sand that can be 
handled by any particular carrying agent is dependent 
upon: (1) the agent’s ability to support sand; (2) its 
fluid loss in relation to the permeability of the matrix; 
and (3) the anticipated injection rate. 


Field experience has shown that the percentage of 
screen-outs has been reduced by the use of high injec- 
tion rates. Another method of minimizing screen-outs 
has been to lower the fluid loss of the carrying agent, 
with respect to the formation. This is dependent upon 
the ability of the formation to accept the fluid being 
used as a carrying agent. Unfortunately, this latter fac- 
tor is usually determinable only by trial and error. 


The most practical approach to the problem of 
screen-outs is now indicated from field experience. The 
first step is the classification of formations into two 
groups: (1) those that will accept high rates of injec- 
tion, and (2) those that will accept only low rates of 
injection, under the pressure limitations of well equip- 
ment. For the first group, high injection rates are in 
most cases sufficient to avoid screen-out difficulties. 
When treating formations which require low rates of 
injection, however, care must be taken to choose a car- 
rying agent with excellent sand-supporting properties, in 
order to avoid the accumulation of high sand concentra- 
tions opposite the formation. Such an accumulation 
usually results in a complete shut-down, due to a fill-up 
of sand in the wellbore. 


1References given at end of paper. 
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In evaluating the sand-supporting properties of a car- 
iying agent, the factor of temperature should not be 
overlooked. The majority of carrying agents, which de- 
pend upon viscosity for their sand-supporting ability, 
tend to thin down at elevated temperatures. Thus, the 
sand-suspending ability of the proposed carrying agent 
under conditions of bottom-hole temperature must be 
taken into consideration. In general, where temperatures 
exceeding 175° F are anticipated, and where injection 
rates are low due to pressure limitations of the well, it 
is necessary to use emulsion type carrying agents, de- 
signed for high temperature use. 


TPM EAN 


The development of frac methods of well stimulation 
has resulted in many changes in wellhead equipment, 
bottom-hole tools, pumping equipment, mixing equip- 
ment, and transporting equipment. Although at times 
the transition may have seemed slow, actually the 
change has taken place in record breaking time. 


Pumping equipment has been advanced from units 
capable of pumping 40 gal/min at 5,000 psi, to units 
capable of pumping as high as 300 gal/min at 5,000 psi. 
These units are designed to operate for long periods of 
time at high pressures —up to 15,000 psi, whereas 
previously such pressures could be tolerated only for 
short intervals. 


The changes in types of carrying agents employed 
have required the handling of highly inflammable fluids. 
Adequate safety precautions must definitely be made a 
part in the planning of any treatment. Thus far, the 
industry’s record has been excellent, but there is still 
room for improvement. Specially designed fire fighting 
equipment is now made available on location in the 
form of improved extinguishers, coverings, and truck- 
mounted fire fighting equipment. The demand for more 
and better personnel protective equipment is constantly 
increasing. The increase in monetary loss and extent of 
personal injury has arisen sharply for each accident, 
making it essential that a cooperative and respectful 
attitude toward safety be prevalent among servicing per- 
sonnel and personnel in charge of well equipment. 


APPLICATION TECHNIQUES 


A study of Permian Basin wells indicates that the two 
basic problems in applying various types of frac treat- 
ments are: (1) to inject the sand-laden fluid into the 
producing formation; and (2) to recover the carrying 
agent, while leaving the sand in place and the openings 
free from undesirable materials. 

During early treatments, the accepted method of 
application employed the use of tubing, with several 
types of pack-off tools. These tools varied from single 
casing pack-off elements used primarily for protection 
of casing from high pressures, to complicated multi- 
pack-offs used to isolate various zones as well as protect- 
ing the casing. The use of these small treating strings 
(normally, 2-in tubing) limited the injection rates and 
consumed valuable horsepower in overcoming friction 
losses of the sand-laden fluid being pumped. Screen-outs 
of sand in the wellbore were always a hazard that had 
to be taken into consideration. It was believed that if 
higher injection rates could be obtained, larger volumes 
of sand could be injected before screen-outs would 
occur. However, the high pressures due to friction loss, 
prohibited the use of such high injection rates through 
tubing. 
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The first producer in the Permian Basin to use high 
injection rate techniques for injecting larger amounts of 
sand into the formation, was the Southern Production 
Co. Instead of applying the frac treatment through tub- 
ing, the materials were injected down the casing. Under 
these conditions, even though the injection rate was four 
times that normally used on frac treatments, the surface 
working pressure necessary to inject the sand-laden fluid 
was decreased by 50 per cent. These treatments showed 
that, not only was the mechanical efficiency of applica- 
tion improved, but the resulting production indicated 
that the effective increase in bottom-hole working pres- 
sures, the increased volume of materials injected, and 
the increased rate of injection were all beneficial to the 
well. As a result, these “down-casing” treatments have 
been extensively employed in the Permian Basin area 
with favorable results. On wells which contained bad 
casing, or had zones requiring isolation which made it 
necessary to inject the frac materials down the tubing, 
the use of larger diameter tubing (normally 3-in) was 
initiated by oil operators. 

Field results have substantiated the fact that large 
volume treatments (10,000 gal or more) result in better 
“conditioning” of many reservoirs because: 

1. Commercial producers have been obtained by 
large volume treatments in wells where smaller treat- 
ments failed. 

2. Greater production increases have been secured 
with increases in the size of treatment. 

3. Production declines have been slower as greater 
drainage area was obtained in the well. 

Such higher gallonage treatments have been made 
possible by the use of higher injection rates during frac 
treatments. Such high injection rates also yield the fol- 
lowing advantages: (1) deeper penetration of sand- 
laden fluids; (2) prevention of screen-outs or lock-ups 
at the wellbore; and (3) reduction of the effect of tem- 
perature changes on the physical properties of the car- 
rying agent during the treatment. 

It should not be inferred that frac treatments are a 
cure-all that eventually will replace other methods of 
well stimulation, such as acidizing. Some formations, 
especially those in a plugged condition, require an acid 
treatment preceding the frac treatment. Almost any zone 
will be benefitted by a spearhead of regular or mud 
acid. Such a pretreatment results in lowering injection 
pressures and dissolving materials that may cause re- 
striction to flow. 

Another controversial question is whether or not an 
overflush following a frac treatment is beneficial, and, 
if so, the amount of overflush which should be em- 
ployed. It is believed that some overflush is beneficial 
because it: 


1. Moves the sand back from the wellbore, to keep it 
from being produced. 

2. Breaks emulsions that may have formed in the 
formation. 

3. Thins refinery oil, when such has been used as 
a cairying agent. 

4. Benefits the critical area when acid overflush is 
used in carbonate reservoirs. Carbon dioxide gas pro- 
duced by the chemical reaction will tend to give the 
well initial life, reducing swab time. It is also believed 
that acid used for overflush will enter small “feeder” 
planes, further conditioning the reservoir for increased 
production. 

Although the application of frac treatments has 
solved many well problems, it has also created some 
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Results 
Well Pay Zone Pool County Well Data Treatment Data Before After Remarks 
Rustler Keystone Winkler Open hole 20,000 gal acid Pumped off 10,000 BWPD fis waietavel used for injec- 
i __— E | gelled acid in 8 mi ion prog : 
‘‘frac'' materials used during 
treatment. 
B Delaware Tunstill Loving 5-year-old well 6,000 gal lease oil/ 12 BOPD 70 BOPD Test 17 days after treatment. 
(sand) Nitro-shot water emulsion pumping flowing 
3299'’—3328' 9,000 Ib sand 
Inj. rate—7 bbl/min 
@ Yates South Ward 20-month-old well 9,000 gal refined oil 7 BOPD 518 BOPD Originally completed se Cao 
(sand) Wickett ‘“frac'' completion 18,000 Ib sand potential gal ‘‘frac'' treatment for 
2568'—2758' Inj. rate—12 bbl/min 40 BOPD BOPD 
down casing (after 8 mo.) 
i i No cleanout necessary after treat- 
Queen Langlie- lea 8-year-old well 5,000 gal lease oil/ 3 BOPD 147 BOPD 1 
D ca Mattix Nitro (300 qts) water emulsion flowing ment in shot hole. 
3410’—3587' 10,000 Ib sand through 
Inj. rate—10 bbl/min 27/64''’ choke 
down casing 
E San Andres Wasson Gaines New well 10,000 gal refined oil 500 BOPD 1400 BOPD Inside location in old pool. ms 
(dolomite) 10,000 gal acid 10,000 Ib sand 3000/1 GOR potential perimental _job, following aci 
completion Inj. rate—18 bbl/min 400/1 GOR with ‘‘frac'' treatment. 
5002’—5140’ down casing 
F Glorieta Howard- Howard New well 1,000 gal acid Show 88 BOPD Field extension—old eel Sur- 
San Angelo Glasscock Open hole 3,000 gal acid/oil after 14 days face working pressure—350 psi. 
(dolomite) 2775'—2995' emulsion 
6,000 Ib sand 
Inj. rate—5 bbl/min 
down casing 
G_ Clearfork TXL Ector 2-year-old well 8,000 gal acid/oil 19 BOPD 187 BOPD Test on 7th day following recov- 
(dolomitic 10,000 gal acid emulsion flowing ery of treating fluids. No diffi- 
lime) completion 24,000 Ib sand culty encountered. 
5460’—5910’ Inj. rate—24 bbl/min 
down casing 
H Spraberry Pembrook Upton New well 20,000 gal refined oil 50 BOPD 342 BOPD Retreatment, three days after 
(sand and Perforated 30,000 Ib sand flowing original completion. 
shale) 6,000 gal down casing 220 BOPD 
hydrocarbon gel after 18 days 
completion 
7000’—7050’ 
| Cisco Cisco Scurry _2-year-old well 6,000 gal lease oil/ 7 BOPD 112 BOPD Treated below packer. 40-60 
500 gal Mud Acid water emulsion after 54 days mesh sand used. Previous treat- 
completion 12,000 |b sand ments in area, using 20-40 mesh 
6180’—6212’ down tubing sand, screened out. 
J Canyon Pardue Fisher 11-year-old well 250 gal Mud Acid 40 BOPD 118 BOPD In ‘‘frac'' treatment of offset 
(sand) Open hole 3,000 gal refined oil through well, without Mud Acid, forma- 
Natural completion 1,800 Ib sand 12/64"’ choke tion would not accept desired 
4424'—4450' Inj. rate—2 bbl/min after 5 days amount of sand. 
down tubing 
K Devonian South Andrews 31/2-month-old well 20,000 gal acid/ 55 BOPD 310 BOPD Deepest well treated down cas- 
(lime) Andrews 6,000 gal acid kerosene emulsion potential ing, to date. 
completion 30,000 Ib sand 
10,864’—11,059’ down casing 
L Waddell Abell Pecos New well 3,000 gal lease oil/ Show 192 BOPD Previous treatments in this sec- 
(sand) Perforated water emulsion 


5516’—5542’ 


3,000 !b sand 
250 gal Mud Acid 
Inj. rate—3 bbl/min 
down tubing 


tion with other carrying agents 
resulted in slow ‘‘clean-ups."’ 


new ones. One such problem which has been accentu- 
ated by frac work is that of controlling gas and water 
ratios. 


In many cases, where relatively close orientation of 
water zones to the bottom of the wellbore exists, the 
use of special types of bottom-hole plugs has prevented 
increases in water production. One of the most effective 
procedures has been the use of a high concentration of 
sand in a very thick carrying liquid, spotted across the 
zone expected to contain planes of weakness leading to 
water. More recently, the introduction of oil and cement 
slurry squeezes has aided in this type of control by 
blocking off such water leading planes and diverting 
the frac materials into planes of weakness within the 
oil bearing zone. 


FIELD RESULTS 


A tabulation of a number of Permian Basin frac 
treatments is given in Table 1. This table includes well 
data, treatment data, and treatment results. These par- 
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ticular wells were chosen as being representative al- 
though the type materials and size of treatment are not 
necessarily recommended for these individual pools. The 
results are as reported from the field and are subject to 
correction. Some wells in these various formations re- 
sponded better and others less favorably than these ex- 
amples; however, the wells cited are fairly typical. Frac 
treatments have met with equal success in gas wells. 

High surface pressures apparently are not necessary 
in order to obtain sustained production increases, as evi- 
denced by a number of these case histories. One ex- 
ample was a San Andres well in the Howard-Glasscock 
Pool, with broken pay from 2,115 ft to 2,220 ft. 
The well, originally completed with acid in 1952, was 
retreated with 9,000 gal of refined oil containing 12,000 
Ib of sand, in May, 1954. Surface working pressure was 
150 psi, at 20 bbl per minute, with the well going on 
vacuum when the pumps were shut down. Originally 
producing 2 BOPD, the well was still making 60 BOPD 
with some water 45 days after the treatment. 
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Fic. 2 — MONTHLY PRODUCTION ON LEASE, CONSISTING 
OF NINE WELLS 


An example of how frac treatments have helped lease 
recovery in an old field is presented in graphic form in 
2 

Each of the wells on this lease was treated with 
approximately 15,000 gal of refined oil and 30,000 Ib 
ot sand, at injection rates from 10 bbl per minute down 
3-in tubing, to 20 bbl per minute down casing. To 
determine which method of treatment was to be used, 
a gauge log was run on each string of casing. Those 
indicated to be in good condition were treated down the 
casing. 

Spinner surveys frequently are conducted when the 
desired results are not obtained following the frac treat- 
ment. These may’ reveal channeling, either around the 
bottom of the casing shoe or behind perforations. Cor- 
rection steps then may be taken accordingly. 


Also, spinner surveys will reveal what portion of the 
open hole was conditioned during the treatment. For 
example, spinner surveys were run on four wells in the 
Spraberry, before and after 20,000 gal refinery oil-sand 
treatments with both the upper and lower Spraberry 
open (separated by about 800 ft). In all four wells, the 
surveys revealed that only about 10 per cent of the 
spinner fluid entered the lower Spraberry. Although the 
wells responded favorably, it is indicated that further 
stimulation work, following decline, should be concen- 
trated on the lower zone to obtain additional produc- 
tion. 


SECONDARY RECOVERY 


Many operators have been hesitant to perform frac 
treatments on wells in secondary recovery projects, for 
fear of early breakthrough of repressuring fluids result- 
ing in by-passing of oil. It is conceivable that, under 
perfect flood conditions, the application of frac treat- 
ments might be a hindrance; however, such an ideal 
condition is rarely encountered. Many times when a 
flood has been established, it will be found that one or 
more of the injection wells failed to accept the requisite 
amount of water. It is frequently necessary to increase 
the system pressure, requiring the expenditure of exces- 
sive horsepower. 

The treatment of water injection wells in waterflood 
projects is a sizeable operation that requires special car- 
rying agents. Aqueous gels have been used in fracturing 
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Fic. 3 — PHOTOMICROGRAPH OF CORE FROM GLORIETA 


ForMATION. OPEN FRACTURE (LOWER LEFT TO RIGHT 
CENTER) IN ANHYDRITIC DOLOMITE. 


A number of these narrow, short fractures are present in the rock. 

Anhydrite crystals are white, however, some additional anhydrite 

crystals, such as the black area with dolomite inclusions at left 

center, are present but are not readily discernible, because they are 

in position of extinction. The dolomite grains range from micro- 

crystalline to very fine. Intercrystalline porosity is poor to fair. 
(Magnification X 69.) 


water input wells in Ward, Crockett, and Borden Coun- 
ties. Most of these treatments have been successful in 
lowering the wellhead injection pressure, or increasing 
the volume of water that the well will accept at a given 
pressure. A study of over 30 injection wells showed that 
injection pressures were materially reduced following 
more than 80 per cent of the treatments. Not a single 
case of channeling or by-passing of oil has been found. 


PETROGRAPHIC STUDIES 


All wells are individuals, and as such, often respond 
differently to frac treatments. Recognizing that varia- 
tions in physical and chemical makeup are probably at 
least partially responsible for such variations, a detailed 
study has been underway for the past several years of 
the physical and mineralogical structure of producing 
formations in the Permian Basin by W. A. Waldschmidt, 
geologist and petrographer. Microscopic examination of 
thin sections of rock was made from cores taken from 
producing wells. Not only the oil bearing zone, but sec- 
tions above and below the pay were studied and photo- 


Fic. 4— PHOTOMICROGRAPH OF CORE FROM SAN 
ANDRES FORMATION. BRANCHING ANHYDRITE FILLED 
FRACTURE IN MICROCRYSTALLINE DOLOMITE. ANHY- 
DRITE IS THE WHITE MINERAL WITH CLEAVAGE; THE 
GRAY AREAS BEING DOLOMITE. (MAGNIFICATION X 69.) 
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graphed. From this study the fracture systems encoun- 
tered were grouped according to their type (open, 
closed, filled, or partly filled), orientation, and grain 
size — both in the matrix and in the fractures. 

Typical examples of Permian Basin formations, show- 
ing their crystal structure and planes of weakness, are 
shown in the accompanying photomicrographs, Figs. 3, 
4, and 5. It was found that most of the formations 
in the Permian Basin were either fractured or possessed 
visible planes of weakness. These were not always 
strictly oriented in a horizontal or vertical plane, but 
in many cases were found to have random orientation 
with frequent inter-connections. It is evident that could 
such a fracture system be opened up and cleaned out, 
it should result in material benefit to the well, by 
providing improved drainage throughout the zone con- 
taining these fractures or planes of weakness. 


Photographs of the face of the wellbore, made with 
a special bottom-hole camera, substantiate the evidence 
of cores with regards to the natural occurrence of such 
planes of weakness in Permian Basin formations. 
Typical pictures are shown in Fig. 6. 

By recognizing the materials present in these planes 
of weakness, and planning the frac treatments accord- 
ingly, outstanding production increases have been ob- 
tained—in many cases much better than corresponding 
treatments planned solely on the basis of the physical 
and chemical properties of the matrix. 


Just what takes place in a formation during a frac 
treatment is not completely clear. At least two basic 
theories have been proposed to account for the mech- 
anism of a frac treatment. The first theory is that 
fluids, penetrating the matrix under elevated pressures, 
rupture the rock horizontally, lifting the over-burden 
and resulting in an open, plane fracture. The injected 
sand holds the fracture open after the induced hydraulic 
pressure has been released.” 


The second theory is that by the use of non-pene- 
trating fluids, hydraulic pressure can be built up on the 
face of the wellbore, compressing the formation to a 
yield point where the rock splits longitudinally, pro- 
ducing a vertical fracture.’ 


Fic. 5 — PHOTOMICROGRAPH OF CORE FROM PENNSYL- 


VANIAN CorRE. VUG (BLACK) LINED WITH CALCITE. 


Fracture extending from left to right at lower part of picture, 

connects five vugs, four of which are only slightly smaller than the 

one illustrated. The vug illustrated is connected to the fracture by 

intergranular porosity of the medium grained calcite in the lower 
right corner of the picture. (Magnification X 69.) 
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While these theories have merit, it is not believed 
that they completely explain observed field data. When 
frac treatments were conducted down tubing, the factor 
of friction loss made interpretation of surface working 
pressures difficult. With the introduction of down casing 
treatments, the observed pressures were relatively free 
of friction losses. Many times sand injection was ac- 
complished at pressures far below those theoretically re- 


FIG. 6 — TyPICAL WELLBORE PHOTOGRAPHS ( SIDE- 

WALL) TAKEN WITH THE SPECIAL BoTTOM-HOLE 

CAMERA, SHOWING VARIOUS TYPES OF NATURALLY 

OCCURRING FRACTURES AND PLANES OF WEAKNESS IN 
THE SAN ANDRES FORMATION. 
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quired by either of these mechanisms. Accordingly, the 
authors favor a third theory, designed to explain some 
of these noted inconsistencies. 


Bugbee* has suggested that during injection the frac 
fluid tends to follow the line of least resistance, pene- 
trating fractures and naturally occurring planes of weak- 
ness in the formation—conditioning, extending, con- 
necting, and retaining them in an open condition, so 
that fluid flow can be accomplished. The resulting 
drainage pattern may be completely random and will 
depend entirely on the naturally occurring fractures 
and planes of weakness characteristic of the formation 
being treated. 


Comparison of observed pressures has shown that 
exposed formations of similar composition and equal 
depth accepted sand-laden carrying agents at greatly 
dissimilar pressures. This indicates that some new factor, 
only slightly considered, was influential in determining 
the pressure required to inject sand into the formation. 

To clarify this theory, an exposed wellbore intersects 
naturally occurring planes of weakness, whether they 
be bedding planes, horizontal, vertical, or inclined frac- 
tures, or rock containing large vugular porosity sepa- 
rated by thin walls of low or non-permeable mate- 
rials. Once the frac fluid has entered a plane of weak- 
ness, it will continue to follow the line of least resistance, 
flowing at random throughout the formation and follow- 
ing intersecting planes of weakness naturally occurring 
in the formation, as indicated by petrographic studies. 


If the wellbore does not intersect a zone containing 
planes of weakness capable of accepting the frac fluid, 
then excessive pressures would be expected without suc- 
cessfully putting away the sand. Actual cases of this 
nature have been encountered. In many of these in- 
stances, following an acidizing treatment, it has then 
been possible to make the frac treatment at reduced 
pressures. Other wells, following acid treatment, still 
refuse to accept the frac materials. Applying this theory 
to these cases, it is assumed that where frac fluid could 
be injected following acidizing, the acid removed enough 
of the matrix to expose a plane or planes of weakness in 
the rock, adjacent but not connecting to the wellbore. 


The multiplicity of planes of weakness within the 
zone to be treated thus largely determines the pres- 
sures that will be encountered, and the amount of solids 
that the formation will accept before lock-up or bridg- 
ing will occur. Assuming this to be so, it then becomes 
important that the choice of carrying agent to be used 
in a frac treatment be such as to obtain maximum con- 
ditioning of the fractures and planes of weakness and 
maximum removal of products of secondary deposition. 
This would account for improved treatment results 
from jobs where this principle has been observed. 


For example, a carrying agent containing acid would 
be used in a fractured formation containing calcite in 
the fractures, even though the matrix might be insoluble 
sandstone rock. Similarly, material encountered in some 
fractures might be adversely affected by aqueous gels, so 
that a refined oil carrying agent would yield improved 
results, even though the matrix might be acid soluble. 

Many wells may be cited that further substantiate 
this theory: 

EXAMPLE | 

1: Well drilled to 1,100 ft with 10 ft of open hole 
opposite oil saturated dolomitic lime. 

2. Well pressured with aqueous fluid to 5,000 psi 
surface pressure and failed to accept fluid. 
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3. Well deepened 10 ft and accepted fluid at 3,600 
pst breaking to 2,100 psi at injection rate of 1 bbl/min. 
EXAMPLE 2 

1. Well drilled to 11,000 ft with 30 ft of perforated 
section opposite Devonian lime. 

2, Well accepted sand-laden acid/oil emulsion at 
3,600 psi casing pressure, at a rate of 21 bbl/min. 
EXAMPLE 3 

1. Well drilled to 3,050 ft with 100 ft of open hole 
opposite dolomitic lime. 

2. Well accepted sand-laden refined oil at 2,200 psi 
casing pressure at injection rate of 21 bbl/min. 
EXAMPLE 4 

|. Well drilled to 4,250 ft with 285 ft of open hole 
Opposite dolomitic lime. 

2. Well accepted sand-laden refined oil at 1,125 psi 
casing pressure at injection rate of 40 bbl/min. 


COIN SOILS 


1. All producing formations in the Permian Basin 
have responded favorably to frac treatments. 

2. The results of such treatments have demonstrated 
the value of high injection rates and large treating 
volumes. 

3. Mineral deposition within formation fractures, or 
planes of weakness, should be taken into consideration 
in selecting the proper carrying agent for a frac treat- 
ment. 

4. Combination treatments are necessary in some 
formations in order to obtain maximum production 
increases. 

5. Beneficial results have been obtained on many 
frac treatments without the use of high injection 
pressures. 

6. Maximum sand concentrations should be used, 
consistent with the requirements of formations, carry- 
ing agents, and pumping equipment. 

7. Properly engineered frac treatments have proven 
beneficial to water in-put wells in secondary recovery 
operations. 

8. It is believed that during a trac treatment the 
treating materials follow naturally occurring fractures 
and planes of weakness in the formation and that the 
orientation of the resulting drainage pattern will de- 
pend on the original fracture pattern of the formation. 
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Brackbill, and N. W. Harrison, Shell Oil Co.; W. A. 
Waldschmidt, consultant; P. C. O’Quinn, Southern 
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In many areas casing failures can be directly related 
to electrical currents observed in the casings. It is the 
thesis of this paper that the observed casing currents are 
mainly due to electrochemical potentials of the type in 
evidence on spontaneous potential curves of electrical 
logs. The general nature of these potentials are discussed 
and an equivalent circuit is given for current and po- 
tential distributions around open holes. The casing 
forms a short circuit to these potentials and tends to 
average the effects of local cells. The case of casing cor- 
rosion opposite the Dakota water sands in the salt-mud 
area of Kansas is discussed and used as a qualitative 
illustration of the relation between SP’s and casing cur- 
rents. A method of quantitative derivation of casing 
current distribution from electric log SP curves, using 
linear transform theory, is described and results are 
compared with a measured current profile. The effects 
of hydrogen over-potentials at the cathodic portions of 
the pipe are considered and some laboratory data are 
given in support of conclusions regarding the over- 
voltages. 


RIOD 


To date an appreciable amount of work has been 
done on the measurement of oil well casing currents and 
on the correlation of the anodic portions of the current 
profiles with corrosive casing failures. Speculations on 
the origin of the casing currents have, however, re- 
mained rather vague; and although almost every plaus- 
ible cause has been mentioned, there is to the writers’ 
knowledge no clear-cut expose’ on the details of the 
causes of the corrosive currents in the literature. 

A study of current surveys and casing failures in the 
N.W. Burnett field, Ellis County, Kan., indicated the 
probability that concentration cell emf’s between the 


Manuscript received in Petroleum Branch office on Oct, 17, 1954. 
Paper presented at Petroleum Branch Fall Meeting in San Antonio, 
Oct. 17-20, 1954. 
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Wellington salt section and the relatively fresh waters 
in the Dakota sands were a major cause of the corrosion 
currents. A more general concept evolved upon analysis 
of the severe corrosive conditions in the Pleistocene 
sands in the Ventura Avenue and San Miguelito fields 
in California. In this area no major variations in the salt 
content of the formation waters occur and yet large 
casing currents are observed. An explanation is found 
in the fact that the local spontaneous potentials which 
are set up due to concentration contrast between the 
drilling fluid and the connate water are short circuited 
when casing is set. The very conductive path through 
the casing increases the magnitude of the currents and 
has the tendency to average local sources over fairly 
large intervals. Current will flow between the sections 
that are predominently shaly and the sections that are 
mostly sandy. At the places where the current leaves the 
pipe, corrosive attack will occur. 

This same phenomenon will be present wherever un- 
protected pipe is set through sections that show large 
SP kicks on the electric logs over reasonably thick inter- 
vals. 


GENERAL NATURE OF THE SPONTANEOUS 
POTENTIALS 


When a sequence of sedimentary rocks is penetrated 
by a drill hole filled with a mud which has a different 
salt concentration from that in the formation waters, 
various types of electrochemical potentials are estab- 
lished between the formations and different parts of the 
mud column. Opposite clean sand sections, a simple 
liquid-liquid junction potential will be observed; while 
opposite argillaceous formations, a membrane potential, 
often referred to as shale potential, will be established. 
The first quantitative analysis of these emf’s in terms 
of liquid junction and membrane potentials is due to 
Wyllie.’ 


‘References given at end of paper. 
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Fic. 1—SP PROFILE AND EQUIVALENT CIRCUIT FOR 
FresH Mop. 


In the case of no current flow, the total difference in 
the potential of the mud column opposite a clean sand 
with respect to the mud column opposite an adjacent 
shale would be given by: 


where (SP), is the total emf in case of no current flow 
and is referred to as the “static SP.” 

Since both the mud column and the surrounding for- 
mations are electrically conductive, the electrochemical 
emf’s give rise to a sustained current flow. The spon- 
taneous potential curve on electric logs is a measure- 
ment of the ohmic drops caused by these so called SP 
currents in the mud column. The general distribution of 
the potentials and the currents resulting from them was 
described in detail by Doll. 

The magnitude of the SP currents in the local cells at 
the formation boundaries depend on the static SP and 
on the total ohmic resistance in the circuit. Using Kirch- 
off’s law, this may be expressed as: 

where isp is the total SP current, r, is the ohmic resis- 
tance it encounters in the hole, and 7; is the ohmic resis- 
tance it encounters in the formation. Equation 2 repre- 
sents obviously an over-simplification of the three di- 
mensional problem, since all of the current does not 
enter and leave the hole at the same distance from the 
boundary. It is, however, helpful in describing some of 
the characteristics of the SP currents. The factor n, 
depends on the diameter of the drill hole and the re- 
sistivity of the mud, R,,, while r, is a function of the 
formation thickness and the formation resistivity, R,. 

Fig. 1 shows a sedimentary section through two sand- 
stone beds containing connate waters of different sali- 
nities separated by a shale bed. The section is penetrated 
by a drill hole containing a homogeneous mud column 


(SP), = 70.6 log 
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of salt concentration, C,,. The corresponding SP curve 
is given at the left of the figure. The center shows the 
equivalent circuit diagram in which the various liquid 
junction and shale potentials and the direction of cur- 
rent flow are indicated. The potential at A (within the 
bed containing water of concentration C,) is arbitrarily 
taken as zero. We note that as long as the composition 
of the mud is homogeneous and the shales form perfect 
membranes, there will be a constant shale base line on 
the SP curve. 

Changes in the salt concentration of the mud column 
will cause the shale base line to drift. Sandy and silty 
shales and shaly sands act as non-perfect membranes 
and result in potentials intermediate between those ob- 
served for the dense argillaceous shales and those found 
opposite clean sands. 


STABILITY OF SP CELLS WITH TIME 


The currents in the localized SP cells will always 
tend to diminish the concentration contrast between the 
formation water and the mud column. In the case of 
Fig. 1, the part of the current through the shale carries 
sodium ions from the formation water to the mud col- 
umn. This excess of sodium ions in the mud is balanced 
by chlorine ions that reach the mud column through the 
sandstone. The flow of chlorine ions completes the other 
half of the current loop. Eventually the salt concentra- 
tion in the mud column will equal that of the connate 
water of the immediately adjacent formations. 

As the concentration contrast diminishes, the total 
emf in the cell decreases. The magnitude of the SP 
current and the rate of salt diffusion also become cor- 
respondingly smaller. 

Using the theories described by Doll’, we can make 
a rough estimate of the amount of time over which 
a typical SP cell will effectively operate in an open hole. 

A calculation was made for the case of an 8-in hole 
filled with mud of 1 ohm-m resistivity (5,500 ppm) 
traversing a water sand of a thickness equal to 10-ft 
which contains connate water with a resistivity of 0.1 
ohm-m (70,000 ppm) while the formation resistivity is 
6 ohm-m. 

We found that it would require approximately 160 
years even if the current would remain at full strength 
to decrease the emf to one half of its original strength. 
It is apparent, therefore, that the diffusion of salt from 
the formations into the mud column of an open hole is 
too slow to materially effect the magnitude of the SP 
current cells. 

During and immediately after the drilling of a well, 
thermal convection currents due to differences in tem- 
perature between the mud column and the formations 
may change the composition of the mud appreciably in 
front of very permeable formations. 

Salt water influx from very high pressure sands is 
another factor that may in some cases effect equalization 
of the salt content of the mud column with that of the 
connate waters of the immediately adjacent formations. 

If none of the above disturbances are too severe, then 
upon completion of the well and the setting of the cas- 
ing, we shall find a fairly homogeneous mud column 
above the cement top in the annular space between the 
pipe and the formations. The electrochemical potentials 
will remain active in the same way as described for the 
open hole. The magnitude and distribution of the cur- 
rents will, however, be changed appreciably by the pres- 
ence of the highly conductive pipe. 
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SP CURRENTS IN THE PRESENCE OF CASING 

An unprotected casing string not covered by cement 
or other insulating material forms a very conductive 
path for the SP currents. The resistance to current flow 
in the hole, ”,, will be drastically reduced and most of 
the ohmic drop in the SP current cell will now take 
place in the formations. In Equation 2, r;, is now much 
larger than 7,. Due to the reduction in total resistance 
of the circuit, the current strength, is;, will of course be 
increased. In the hole essentially all of the current will 
follow the casing while a very small fraction will travel 
through the annular space filled with mud. 

The most pronounced influence of the presence of the 
pipe on the distribution of the SP currents will be a very 
strong averaging of the effects of the local cells. This 
phenomenon is similar in character to that observed on 
electric logs when the ratio of formation resistivity to 
mud resistivity becomes very large, but its magnitude 
will be larger than that of even the most extreme cases 
witnessed on logs. 

This averaging or smearing-out and consequent super- 
position of the local effects makes it difficult to visually 
estimate from the electric log SP curve where the most 
serious changes in current density in the pipe will occur. 
Except for very simple situations, one has to resort to 
fairly elaborate mathematical treatment to predict the 
distribution of the casing current from the open hole 
SP log. 


QUALITATIVE FIELD EXAMPLE 


The outside casing corrosion problem in many parts 
of the salt mud district of Western Kansas presents 
a fairly simple situation which permits qualitative treat- 
ment. 

The high salinity of the mud in this area is caused by 
the fact that the wells penetrate the Wellington salt sec- 
tion. Rock salt will dissolve in the mud and change most 
of the mud column into a saturated salt solution. Even 
when fresh mud is spotted at the bottom of the well for 
electric logging purposes prior to completion, the mud 
column will rapidly become completely salt saturated in 
the annular space above the cement top, after casing has 
been set. 

Fig. 2 shows a typical stratigraphic column taken 
from a well in the N.W. Burnett Pool, Ellis County, 
Kan. Since before electric logging fresh mud was 
spotted in all wells in this field, no SP curves are avail- 
able that are representative for the equilibrium situation 
which will be reached shortly after casing is set. For 
this reason only a generalized salt-mud SP curve is given 
for the upper section of the hole. The Lakota and Da- 
kota water sands, which have relatively fresh connate 
water (50,000 ppm) compared to the salt saturated mud 
column, give positive SP deflections. 

The right hand side of Fig. 2 shows a casing current 
profile measured in one of the wells in the N.W. Burnett 
field. In order to find the corresponding potential distri- 
bution in the pipe, we have to integrate the current pro- 
file by determining the area under the curve. The result 
of this is shown under the heading “Potential profile 
after casing (amplified) 

We see that this potential distribution in the pipe re- 
sembles closely an averaged out version of the SP curve. 
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CASING CURRENT PROFILE 
(MEASURED) 
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Fic. 2— On THE LEFT IS A TYPICAL STRATIGRAPHIC 

COLUMN AND, RIGHT, A CASING CURRENT PROFILE, 

BoTH OBTAINED IN WELLS IN THE N. W. BURNETT 
FIELD. 


QUANTITATIVE APPROACH TO PREDICTION 
OF CURRENT PROFILES 


In order to estimate the current and potential distri- 
butions in the casing due to the electrochemical emf’s 
at formation boundaries, we may regard the hole with 
the casing string as a hole filled with an extremely con- 
ductive drilling fluid of resistivity R,,.. For a given 
casing weight and a given hole size, R,,, can be calcu- 
lated by comparing the electrical resistance of 1 ft of 
casing with that of 1 ft of open hole filled with the 
hypothetical drilling fluid. If R,,., is expressed in ohm- 


meters, the latter 1s siven) by ———— — 
600 
ae R,,, Ohms where d is the diameter of the hole in 
inches. 


The potential distribution along the axis of a hole 
filled with fluid of resistivity R,,, can be calculated by 
the methods outlined by Doll.” 

The equation given by Doll* for the distribution of 
the potential, W(z), along the axis of the hole due to 
a single sand-shale boundary is: 


W(z) = W, | 1 


(+ 2)% 
x Jo 
R, a KS K, 
with: @ = — l = 
R,, 1 + apK.(p) I; (p) 


W, = one halt of the static SP change at the boundary 
z = vertical distance along the axis of the hole 


R, = formation resistivity 

R,, = resistivity of the drilling fluid 

/, = modified Bessell function of first kind and first 
order 

K, = modified Bessell function of second kind and 
zero order 

K, = modified Bessell function of second kind and first 
order 


“This equation appeared only in the appendix to Doll’s i 

j paper which 
was included with the AIME preprint. In the final tion 
appendix was omitted. 
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Fic. 3 — A GENERALIZED POTENTIAL DISTRIBUTION 

Due To A SINGLE ABRUPT CHANGE IN StTaTIc SP AT A 

SAND-SHALE BOUNDARY FOR THE CASE OF A RELATIVELY 
HIGH VALUE OF R,/R,,. 


Fig. 3 shows a generalized potentia! distribution due to 
a single abrupt change in static SP at a sand-shale boun- 
dary for the case of a relatively high value of R:/R.,,. 


To find a typical value of R,/R,., let us consider 
a 7-in 23-lb casing in a 10-in diameter hole traversing 
formations of average resistivity of 5 ohm-m. The resis- 
tance per foot of the casing will be approximately 10° 
ohm, so that: 


600 
= Or IR = x 10 

and Rif = 


At such high values of R,/R,,,, the potentials due to 
sequences of layered formations will be averaged over 
large distances and the prediction of the amount of cur- 
rent flowing in the pipe at any particular point becomes 
fairly complicated. 

A powerful tool for the solution of this type of prob- 
lem is found in linear transform theory* as applied to 
communication systems. 

We can regard the SP curve in the open hole be- 
fore casing is set as a continuous function of depth 
[SP = f,(z)] and consider an identical function of time 
f(t) as the input to an electrical network, which distorts 
the input function in the same manner as the presence 
of casing effects the distribution of the spontaneous 
potentials. If we can find the response of such system 
to a simple input function such as a unit step function, 


The first examples of the application of linear transform theory to 
well logging problems are due to R. G. Piety of the Phillips Petro- 
leum Co. 
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it is then possible to calculate the response of the sys- 
tem to an arbitrary input function. The potential distri- 
bution along the pipe due to an abrupt change in static 
SP at the boundary of two infinitely thick beds as calcu- 
lated from Doll’s equation may be regarded as the 
response to a unit step function. 


The following derivation shows the details of this 
application of linear transform theory: 


The function SP = f,(z) may be expressed by the 
Fourier integral theorem as: 


1 (© 
where g,(u) = Cah (oe) 
T 


is the Fourier transform of f,(z). Similarly tor the re- 
sponse or output of our system (the potential distribu- 
tion after casing is set), we may write: 


(ce 
f(z) = ei 2,(u) du 5 ( ) 


Let us define the distortion factor D(u) as: 


N 


D(u) = (6) 
gi(u) 
and introduce the response function R(z) as given by: 
1 co 
2a —00 


so that D(u) is the Fourier transform of R. We then can 
write: 


oe) 
Do) Riwje (8) 
J—co 
If we set w = z-y and combine Equation 12 with the 


expression for g,(u) in Equation 8, we obtain after re- 
arrangement: 


g(u) = gi(u) D(u) = 


it oo) Oe) 
=| f(y) R(z-y)dydz + (9) 


27 } 


Also we have for the Fourier transform of f,(z): 


1 
J—oo 
Since Equations 9 and 10 both express g,(u) as a Fourier 
transform and the inverse operation of taking a Fourier 
transform is a unitary transformation we have: 

This is known as the superposition theorem or Duha- 
mel’s integral and may be interpreted as stating that the 
output function f,(z) at any value of z equals the inte- 
gral of the responses at z due to all elements ¢/y of the 
input function f,(y) taken over the entire range from 
= 


R(z) can be found from the response f,*(z) of the 
system to a unit step function. The latter is given by: 
= for 2 > 0, and f,(z) = 

For this input Equation 11 gives: 


d f,*(z) 
dz 


1 co 
V 


so that R(z) = 


Equations 11 and 12 can be used to compute the po- 
tential distribution in the casing, if the initial open hole 
potential distribution f,(z) is given. The response of our 
system to a unit step function input is given by Equa- 
tion 3 with W(z) = f,*(z). 

The application of the linear transform theory to our 
problem in the above fashion assumes that f,*(z) is 
unique for the entire system, which in turn implies that 
R,/ Ra iS a Constant. For our purposes this approxima- 
tion will be sufficiently close for most cases. 

Equation 11 gives us the potential distribution /,(z) 
along the casing. In practice we are more interested in 
the currents in the pipe than in the potential distribution, 
so that we want to compute the derivative of f,(z) with 
respect to z. Differentiating Equation 11 gives: 


df, l 
fily) R(z-y)dy (13) 
dz V 27 
where R’(z) \/ 2a 


The latter quantity is found by differentiating Equation 
3 twice with respect to z which gives: 


1 f(Z) = 
dz’ 
=| p A(p,a) 1p) sin pz dp 
7 JO 


Fig. 4 shows the derivative of the current profile cor- 
responding to a unit step function input of potential at a 
single sand-shale boundary, R’(z), for a value of R./Ru,, 
of 3 X 10° in a 10-in hole as calculated from Equa- 
tion 14, 

Once R’(z) has been found for all values of z, Equa- 


d f,(Z) 


dz 

rent in the pipe at any given depth z. Equation 13 states 
that in order to obtain the value of the current at a par- 
ticular depth, say z,, we have to multiply each point of 
the entire input function f,(y) with corresponding points 
R’(z,-y) for all values of y from —c to +o and then 
integrate the product. As practical limits for this pro- 
cess, one would choose those values of y where R’(z-y) 
becomes negligibly small. 

We note, however, from Fig. 4 that R’(z) does not 
become negligible below values ot z/r smaller than 
3,000. In a 10-in hole, this means that the integration 
of Equation 13 must be carried out over a range of at 
least 1,250 ft on each side of the depth value for which 
the current response is being calculated. Near the end 
points of the unprotected casing strings, the contribu- 
tions of part of the input function are distorted to an 
appreciable extent and our calculations have to be cor- 
rected accordingly. 


which is proportional to the cur- 


tion 13 gives us 


CORRECTIONS FOR END EFFECTS 


CEMENT TOP AND SURFACE PIPE CEMENT 


The parts of the hole where the formations are sepa- 
rated from the casing by a cement sheath do not receive 
any signals. Also since the cement is relatively non- 
conductive, there are no return paths through the cor- 
responding sections and the casing current due to SP 
potentials must be zero. 
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Fic. 4— THe DERIVATIVE OF THE CURRENT PROFILE 

CORRESPONDING TO A UNIT STEP FUNCTION INPUT OF 

POTENTIAL AT A SINGLE SAND-SHALE BouNDARY, R’ (2), 

FOR A VALUE OF R,/Rma OF 3 X 10° IN A 10-IN HOLE 
AS CALCULATED FROM EQUATION 14. 


If we apply Equation 13 to the portions near the 
cement sheaths, the sections protected by the sheaths will 
not contribute to the integral; and since the R’(z) is 
a symmetrical and odd function, the value of the calcu- 
lated response will steadily increase as we near the ends 
of the open interval. This end effect is similar to that of 
a current source located at each end of the open inter- 
val. To correct for the end effects, we must subtract the 
effects of these apparent current sources from our calcu- 
lated curve. The effect of a current source c (z,) located 
at depth z, (casing shoe of surface pipe) will to a first 


approximation be c (z,) e~ ‘=. A value of « = 1.2 
dw 

< 10° is found by graphically approximating ae which 


in turn can be obtained as the area under the curve of 
Fig. 4. The effect of the source c (z,) located at z, (top 
of oil string cement) is similarily approximated by 
c (z,) e+ ‘*4)=, Actually the amounts of current calcu- 
lated at z, and z, are both combinations of the effects of 
¢ (z,) and c (z,). We must therefore make a correction 
consisting of a linear combination of the terms c (z,) 
e— (%-%)* etc, such that the corrected c, vanishes at 
both ends. This is done by using sinh « z = % (e*’ 
- e“*) and making the corrected current of the form: 
sinh « (Z-z,) 
C (Zecorr = C(Z) — (Z,) 
sinh « (Z,-Z,) 
sinh (z,-z) 
sinh (Z,-Z.) 


POLARIZATION EFFECTS 


The effectiveness with which the spontaneous po- 
tentials are able to produce sustained current flow in 
the pipe will to a large extent be dependent on the 
polarization produced by the products of the electrode 
processes. 

In order to have a clear picture of the type of trans- 
port occurring in the SP cells shorted by casing, we 
might consider the simple case of a pipe set through 
a section containing a single boundary between a very 
thick shale and an equally thick salt water sand (see 
Figs. 

if, as in the usual case, the formation water is more 
saline than the mud, sodium ions will diffuse through 
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the shale towards the mud annulus. An equal number 
of electrons will leave the steel causing formation of 
NaOH and atomic hydrogen. Since electrons are leaving 
the pipe opposite the shale section, this region of the 
casing may be considered as cathodic. In the absence of 
oxidizing compounds, the cathode reactions will cause 
formation of hydrogen overpotentials. 


For every gramequivalent of sodium diffusing through 
the shale, T., gramequivalents of chlorine* diffuse 
through the sand and simultaneously 1-T., gramequiva- 
lents of positive ions leave the mud column opposite the 
sand, so that a net overdosis of 1 gramequivalent of 
negatively charged chlorine ions is formed near the pipe. 
The solution near the pipe in this region is kept neutral 
by iron going into solution. The electrons thus freed in 
the steel flow towards the cathodic region. The area 
opposite the water sand where iron is going into solu- 
tion can be termed the anodic region of the pipe and 
is of course the locus of the corrosive attack. 


If the formation waters are aerobic brines, no hydro- 
gen overvoltages will be formed at the cathode. On the 
other hand, the early formation of rust on the pipe may 
cause an obstruction to the diffusion of iron away from 
the anode. This would tend to cause a concentration 
overpotential which might counteract to some extent the 
operative emf. In general, however, the SP cell would 
be expected to operate fairly effectively and corrosion 
should be severe. Under anaerobic conditions, there 
should normally be no hindrance to the formation of 
hydrogen overpotentials at the cathode. Typical current 
densities at the cathodic areas of the pipe as measured 
by casing current surveys are of the order of 10° 
amp/sq cm. At these low current densities, the hydro- 
gen overpotentials are only a small fraction of their 
maximum value for iron in NaOH which is around 
80 mv. The overpotentials are therefore not expected 
to be sufficiently large to effect the operation of the SP 
cell seriously. They will, however, have the tendency to 
decrease the total currents and diminish the corrosive 
attack somewhat. If sulfate reducing bacteria are pres- 
ent, the cathodic hydrogen may be continuously re- 
moved and the cell will operate in full strength. For 
this reason the SP theory of corrosion and the theories 
of corrosion under anaerobic conditions due to presence 
of sulfate reducing bacteria are not mutually contra- 
dictory. 

If hydrogen sulfide is present, insoluble iron sulfide 
scale will form a diffusion barrier at the anodes and 
corrosion is expected to be retarded. 


oA denotes the transference number of chlorine in NaCl. 
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The presence of carbon dioxide will usually cause 
formation of insoluble carbonates at the cathodes which 
also should have a retarding effect on the corrosion. 


EXPERIMENTAL DATA 


A tew experimental checks were made on the specu- 
lations regarding the influence of polarization on the 
behavior of SP corrosion cells. To this end a cell was 
made by contacting a 6-in long core of black shale with 
NaCl solutions of 0.5 N and 0.05 N respectively at 
opposite sides. Submersed in each solution was a casing 
corrosion coupon and the two coupons were connected 
through a standard resistor. The emf across the cell 
without current flow was measured as approximately 50 
mv. The solutions were at equilibrium with the atmos- 
phere (oxygen content 8 ppm). The internal resistance 
of the cell as measured between the electrodes was 1,100 
ohms, while the standard resistor connecting the elec- 
trodes was 25 ohms. A sustained current was obtained 
through the system during the entire length of the ex- 
periment which lasted four weeks. The average value of 
the current at the end of the experiment was 44 micro- 
amps. With the full electrochemical emf applied to the 


cell a current of = 44.5 microamps would be 


expected. These measurements show that no measurable 
hydrogen overvoltage was present under the aerobic 
conditions of the experiment. 


A short experiment was made under anaerobic con- 
ditions in the same cell as described above. 


Most of the oxygen was removed from the salt solu- 
tions by scrubbing with oxygen free nitrogen. Before 
the casing coupon electrodes were connected, 20 ppm 
of sodium hydrosulfite was added to each solution. 


Under these conditions an overvoltage of —22.4 my 
was found at a current density of .62 * 10° amps/sq 
cm and —29.1 mv at a current density of .76 < 10° 
amps/sq cm while the original SP voltage was 50 my. 
To a first approximation the overvoltage appears pro- 
portional to the current density and therefore has the 
effect of a resistance in the line of current flow. 


Since the surface area of the pipe is large and the 
current path through the formations is fairly long, this 
added resistance will have a markedly smaller effect 
than in the case of electrolytic corrosion in microcells, 
caused by dissimilarity in metal composition between 
bands or grains of the metal. In the latter case, the 
apparent resistance of the overvoltage will be very large 
compared with the ohmic resistance of the electrolyte 
solution contacting the metal. 

Nevertheless, the above measurement shows that in 
anaerobic systems the hydrogen overpotentials at the 
cathode can counteract the driving emf’s to an appre- 
ciable extent at the cathodic areas. This will cause non- 
linearity in the response of the system to impressed 
voltages and may be largely responsible for the type of 
anomalies observed. 


CON CEU SEO NS 


SP currents, such as evidenced on electric logs, form 
a plausible cause for many cases of external casing cor- 
rosion, where the corrosion cannot be explained by 
metallurgical anomalies in the pipe. 


Current patterns predicted from electric log SP curves 


check closely with measured current profiles in the salt 
mud area of Kansas. 

A mathematical treatment, based on linear transtorm 
theory, has been worked out for the derivation of cur- 
rent profiles from the SP curve in complex cases of in- 
terlaminated formations. Limitations of the theoretical 
procedure are indicated. 

The theory and data presented in this paper indicate 
that in many fields outside casing corrosion may be 
mitigated by removing the open hole spontaneous poten- 
tials before casing is set. Where salt sections are not 
present or can be cemented off, this can be achieved 
by making the salinity of the mud equal to the average 
salinity of the formation waters in the interval between 
the surface pipe shoe and the oil string cement top. 
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PERFORMANCE of WATER DRIVE RESERVOIRS, INCLUDING 
PRESSURE MAINTENANCE, as DETERMINED 
by the RESERVOIR ANALYZER 


A study has been made to deter- 
mine how the behavior of a water 
drive reservoir changes as a function 
of the permeability of the formation 
and as a function of the size of the 
aquifer. The effect of pressure main- 
tenance programs on the rate of nat- 
ural water influx is also studied, as 
well as the influence on the influx 
of the position of water injection 
wells with reference to the oil-water 
contact. 

The results are determined by the 
use of an electrical reservoir analyzer 
and are plotted as families of curves 
of pressure, natural water influx, and 
water injection vs time or cumulative 
production. Two size aquifers are 
studied. One is limited with a 36- 
mile radius, and the other approx- 
imates an infinite reservoir. The field 
remains the same in all respects for 
the complete study except that the 
permeability is changed to agree with 
that assumed for the aquifer. 


OD 
This study was undertaken in 
erder to determine how the pres- 
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sure decline and water influx of a 
water drive field would change as a 
function of the rate of fluid with- 
drawals, as a function of the per- 
meability of the formation, and as a 
function of the size of the aquifer. 
The effect of pressure maintenance 
programs on the rate of natural 
water influx was also studied as 
was the position of water injection 
wells with reference to the oil-water 
contact. 

The information has been deter- 
mined by the use of an electrical 
reservoir analyzer’, sometimes re- 
ferred to as a Carter type analyzer. 
This instrument is an analog type 
computer which can be set up to 
represent a water-drive oil field. It 
can reproduce the past performance 
of the field in terms of analogous 
electrical quantities when the proper 
circuit analog of resistors and con- 
densers has been determined, also, it 
can determine the future behavior 
for any method of production which 
may be selected, or permit the com- 
parison among several different 
methods. 


Discussion of this and all following techni- 
cal papers is invited. Discussion in writing 
(3 copies) may be sent to the offices of the 
Journal of Petroleum Technology. Any dis- 


cussion offered after Dec. 31, 1955, should be 
in the form of a new paper. 

TReferences are given at the end of the 
paper. 


GULF RESEARCH & DEVELOPMENT CO 


Although most applications of the 
reservoir analyzer” have been to the 
study of specific field performance, 
it is intended to use the analyzer 
here to help understand how various 
reservoir characteristics effect the 
final performance of the field and 
to see under what conditions water 
injection will be of benefit and to 
what extent. 


Within the oil industry the per- 
formance of water-drive reservoirs 
was first described analytically by W. 
Hurst’ and M. Muskat* for certain 
types of boundary conditions. The 
solutions of the equations developed 
involved products of exponential 
functions and Bessel functions. Later 
publications by Hurst* and van Ever- 
dingen’, and the books of Muskat’' 
gave further information on reser- 
voirs with other boundary conditions. 
They also presented rather extensive 
curves and tables to help evaluate the 
analytical expressions involved. A re- 
cent series of publications by Chatas’. 
based on the work of Hurst and van 
Everdingen, gives quite complete 
charts and tables of data to evaluate 
the pressure decline or water influx 
in infinite or limited radial reservoirs 
and in linear reservoirs. 

The curves in all of these publica 
tions are given in dimensionless form 
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Fic. 1 — HYPOTHETICAL OIL FIELD 
WITH NINE WELLS AND A PART OF 
ITs ASSOCIATED AQUIFER. THE LIM- 
ITED AQUIFER WITH A 36 MILE Ra- 
DIUS CONSISTED OF 13 SUCH ZONES. 


which has certain advantages. How- 
ever, they make it more difficult for 
the average reservoir engineer to vis- 
ualize the effects due to changes in 
production rates, permeability, size 
of aquifer, etc. It is felt, therefore, 
that the presentation of results for 
specific (although idealized) reser- 
voirs in terms of pressure drop in 
pounds per square inch and time in 
years or production in barrels would 
be quite helpful in relating reservoir 
characteristics to reservoir behavior. 
This latter method of presenting in- 
formation requires many more curves 
to cover the same range of variables 
to allow quantitative application of 
the results. However, it is not in- 
tended to give results here that per- 
mit more than a semi-quantitative 
solution to the behavior of a partic- 
ular total water-drive field. 


DESCRIPTION OF RESERVOIR 
AND TESTS 


For this study a very idealized res- 
ervoir was assumed. The oil zone was 
chosen to be circular with a radius 
of 2 miles and uniformly 100 ft in 
thickness. Since the reservoir ana- 
lyzer has only nine production con- 
trol units, it was necessary to limit 
the actual analog representation to 
nine producing locations, such as 
shown in Fig. 1. This gives a well 
spacing of 640 acres per well. How- 
ever, this representation can be inter- 
preted to mean that each producing 
location in the analog corresponds 
to a number of wells whose total 
production is equivalent to that taken 
from one point in the analog circuit. 
Therefore, the results for the be- 
havior of the aquifer will apply 
equally well to a field of any well 
density. 

It is assumed that the producing 
formation is continuous and with 
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homogeneous porosity and permea- 
bility and uniform thickness out to 
a distance, in one case, of 36 miles 
in all directions from the center of 
the field. In a second series of tests 
the aquifer was represented to be as 
nearly infinite in lateral extent as 
was possible to represent on the an- 
alyzer. This actually corresponded to 
an aquifer extent of about 100 miles 
in all directions with the pressure at 
the outer boundary remaining con- 
stant at a value equal to the initial 
reservoir pressure. The difference in 
pressure decline between this repre- 
sentation and an infinite aquifer is 
shown by Muskat' to be appreciable 
after a considerable length of time 
when the limited aquifer has an outer 
radius only 6.3 times the inner ra- 
dius. In this study the outer radius 
is 50 times the inner radius and it is 
expected that the pressure decline 
curves would follow that for the infi- 
nite aquifer quite closely. For con- 
venience the larger aquifer will be 
referred to as “infinite.” 

The porosity was assumed con- 
stant and uniform at a value of 16.3 
per cent giving a total pore volume 
for the oil reservoir of 1,017 = 10° 
bbl. The permeability was chosen to 
be 100, 200, 400, 800 and 1,600 md 
for different tests to show the effect 
that the permeability has on pressures 
and water influx. The fluid viscosities 
of both water and oil were assumed 
to be 1 cp for convenience in setting 
up the problem. The compressibility 
of the oil with its dissolved gas was 
assumed constant from 500 psig to 
1,500 psig at a value of 12 X 10°/psi 
with its saturation pressure at 500 
psig. The compressibility of water 
was taken to be 3 X 10°/psi, and 
the compressibility of rock was neg- 
lected. The connate water was also 
neglected, as its only real significance 
in this study would be to decrease 
the volume of oil in place. 


The initial reservoir pressure was 
represented at 1,500 psig with de- 
clines considered to a minimum pres- 
sure of 500 psig. The total with- 
drawal rates from the field were con- 
sidered constant with time but were 
varied from 6,000 to 60,000 reservoir 
B/D for different tests. The break- 
down of this production between oil 
and water was not considered, and 
the rates always refer to total fluids. 


The effect of water injection into 
the reservoir at the edge of the field 
to maintain pressure is studied with 
special view to the change resulting 
in the magnitude of the natural water 
influx. Such water injection is always 
assumed to be started when the field 


pressure has dropped to a specified 
value and at a rate just sufficient to 
maintain the field pressure constant 
thereafter. An attempt is made to 
evaluate the optimum pressure to be 
maintained. The injection is assumed 
to be into a ring of wells completely 
around the edge of the field so that 
a uniform water front will be main- 
tained as closely as possible. The ef- 
fect on the natural water influx of 
moving these injection wells to some 
distance from the oil field is also 
studied. 

It should be emphasized that in a 
theoretical study of this type a num- 
ber of simplifying assumptions must 
be made. Uniform porosity and per- 
meability seldom exist, although uni- 
formity must usually be assumed for 
the analyzer setup. Most sand reser- 
voirs have permeability stratification” 
resulting from the way in which the 
rock material was originally depos- 
ited, or they may have directional 
permeability differences. Such condi- 
tions have been neglected in this 
study. Channeling of water and by- 
passing of oil by water always exist 
to some extent, but this too has been 
neglected. The problem of water con- 
ing may give trouble in the actual 
field production of water free oil or 
in maintaining low water-oil ratios. 
It is necessary in such an analyzer 
study to assume uniform water en- 
croachment. It is also assumed that 
no other producing field lies within 
the same formation to cause pressure 
interference.” 


DISCUSSION OF RESULTS FOR 
THE LIMITED AQUIFER 


The solid pressure decline curves 
given in Fig. 2 show an initial tran- 
sient followed by a straight line de- 
cline for a given constant production 
rate. The slope of the straight line 
portion is directly proportional to the 
magnitude of the withdrawals. The 
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Fic. 2—-PRESSURE DECLINE vs TIME 
WITH No INJECTION. 


Solid curves are for the limited aquifer; 
dashed curves for the “infinite” aquifer. Per- 
meability is 400 md; X denotes total fluid 
production of 1,017 X 10° reservoir bbl. 
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Fic. 3 — SOLID CURVES GivE NAT- 
URAL WATER INFLUX RATES vs TIME 
FOR LIMITED AQUIFER WITH THE 
DECLINING BRANCHES RESULTING 
WHEN INJECTING WATER, AS SHOWN 
BY DASHED CURVES, TO MAINTAIN 
1,000 PsIG AT THE CENTER OF THE 


FIELD. 


Permeability is 400 md; X denotes total 
fluid production of 1,017 x 10° reservoir bbl. 


length of time for the transient por- 
tion is independent of the withdraw- 
al rate but is, of course, much steeper 
as the production rate increases. This 
initial steep portion is typical of total 
water-drive fields. The decline in 
pressure to 500 psig in slightly less 
than 18 years for a production rate 
of 60,000 B/D does not mean that 
the field could not produce consider- 
ably more oil at decreasing rates. 
The effect of such variable produc- 
tion rates with time has not been 
considered specifically, since the pos- 
sible variations are too numerous. 
However, theoretical considerations 
would indicate that if the production 
rate were decreased, say from 60,000 
B/D at the time 500 psi was reached 
so as to maintain that pressure, the 
final total fluid recovery would be the 
same when a lower production rate 
was reached, such as 45,000 B/D, as 
would be recovered by producing at 
that lower rate from the beginning. 
However, the total time would be 
greater for the constant lower rate 
which might be a disadvantage. The 
cumulative water influx curves of 
Fig. 4 show that considerable reser- 
voir energy would not be used if the 
total field withdrawal rate were not 
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NATURAL WATER INFLUX vs TIME 
FOR THE LIMITED AQUIFER. 


Permeability is 400 md; and no water in- 
jection is represented 
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decreased to as low a value as eco- 
nomically possible before abandon- 
ing the field. 

It can be noted from Figs. 3 and 4 
that the water influx follows very 
Closely the production rate or cumu- 
lative production. The slight differ- 
ence is of course due to the expan- 
sion of the oil in place which ac- 
counts for just over 2 per cent of the 
production. 

The effects of a water injection 
program for maintenance of pressure 
at 1,000 psig were studied for pro- 
duction rates of 60,000, 45,000, 30,- 
000 and 18,000 B/D. In Fig. 3 are 
shown by dashed curves the rates of 
water injection which were required 
to maintain the pressure at 1,000 
psig at the center of the field when 
producing at the various rates shown. 
It can be seen that the tendency is 
for the injection rate to increase un- 
til it reaches the same value as the 
production rate. Fig. 3 also shows by 
the solid curves how the natural 
water influx declines after injection 
has begun. The crosses on the vari- 
ous curves indicate the point at 
which the cumulative liquid produc- 
tion equals the initial volume of oil 
in place. 

In Fig. 5 the solid curves give the 
cumulative natural water influx vs 
cumulative liquid production volumes 
when the pressure is maintained at 
1,000 psig by water injection. These 
curves show an advantage for the 
lower rates of production in that a 
greater volume of natural water in- 
flux is realized for the same total 
production. The explanation for this 
lies in the fact that a pressure of 
1,000 psig has been imposed at the 
center of the field while injecting 
water at the edge of the oil zone. The 
larger production rates require pro- 
portionately larger pressure gradients 
between the edge of the field and the 
well locations. This means that the 
injection pressures will be higher as 
the production rate increases, and the 
decline in pressure of the aquifer 
will be lower, resulting in a lower 
cumulative water influx. An obvious 
conclusion from these results is to 
locate the water injection wells as 
close to the water-oil boundary as 
possible and still maintain effective 
flooding of the oil with a fairly uni- 
form flood front. The values of the 
cumulative water injection for the 
same condition are given by the 
dashed curves in Fig. 5. 


Another factor which was studied 
to determine its effect on pressure 
and water influx is the permeability 
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Fic. 5 — SOLID CURVES GIVE CUMU- 
LATIVE NATURAL WATER INFLUX Vs 
CUMULATIVE FLUID PRODUCTION FOR 
THE LIMITED AQUIFER WITH WATER 
INJECTION (CUMULATIVE VALUE 
SHOWN BY DASHED CURVES) TO 
MAINTAIN 1,000 Psia. 


Permeability is 400 md; X denotes total 
fluid production of 1,017 X 10% reservoir bbl 
or volume of original oil in place. 


ot the formation. The permeability 
was represented in turn to be 100, 
200, 400, 800 and 1,600 md. The 
pressure decline curves for the va- 
rious permeabilities are given by the 
solid curves in Fig. 6 for a constant 
production rate of 30,000 B/D. It 
becomes quite apparent that the per- 
meability is extremely important. At 
this low rate of production it will 
take 75 years to recover fluids equal 
to 80 per cent of the initial reservoir 
oil volume. However, Fig. 6 shows 
that this limited aquifer could only 
support this rate of withdrawal for 
about four years if it had a permea- 
bility of 100 md. An eight-fold in- 
crease in permeability to 800 md 
would allow the aquifer to maintain 
the same production rate for 73 
years, or nearly long enough to pro- 
duce fluids equal to 80 per cent of 
the oil. 

The solid curves of Fig. 6 show an 
initial period of time during which 
the rate of pressure decline decreases 
until an ultimate constant rate of 
decline results which is the same for 
any value of permeability. The dura- 
tion of the initial transient pressure 
decline varies inversely with the per- 
meability, as does its magnitude. 


BOTTOM HOLE PRESSURE AT CENTER OF FICLO, PSIG 


FIG. 6— PRESSURE DECLINE VS TIME 
WITH No INJECTION. 


Solid curves are for the limited aquifer 
dashed curves for the “infinite”? aquifer. Pro- 
duction rate is 30,000 reservoir B/D 
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NATURAL WATER INFLUX OR INJECTION 


Fic. 7 — SoLip CURVES GIVE NAT- 
URAL WATER INFLUX RATES VS TIME 
FOR THE LIMITED AQUIFER WITH THE 
DECLINING BRANCHES RESULTING 
WHEN INJECTING WATER, AS SHOWN 
BY THE DASHED CURVES, TO MAIN- 


TAIN 1,000 PSIG IN THE FIELD. 
Production rate is 30,000 reservoir B/D. 


The rate of water influx for these 
conditions is given by the solid curves 
of Fig. 7 (not including the segments 
which decline in value with time) 
which increase to a maximum of 
29,000 B/D. The rates for the vari- 
ous permeabilities differ only during 
the initial transient period. Therefore, 
the cumulative water influx is not sig- 
nificantly affected by the value of 
permeability in the reservoir. 


A further comparison was made 
for the same conditions, except that 
a pressure maintenance program was 
represented which injected water at 
the edge of the field to maintain the 
pressure at 1,000 psig at the center 
of the field. The rates of water influx 
from the aquifer after injection com- 
mences are given by that portion of 
the solid curves of Fig. 7 which ex- 
hibit a decline in value with time. 
The corresponding rates of water in- 
jection required to maintain this 
1,000 psig minimum are given by the 
dashed curves in the same figure. 
The solid curves of Fig. 8 show a 
considerable increase in the final vol- 
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Fic. 8 — SOLID CURVES GIVE CUMU- 
LATIVE NATURAL WATER INFLUX vs 
TIME FOR THE LIMITED AQUIFER 
WITH WATER INJECTION (CUMULA- 
TIVE VALUES ARE SHOWN BY DASHED 
CURVES) TO MAINTAIN 1,000 PsIG IN 


CENTER OF FIELD. 


Production rate is 80,000 reservoir B/D; 
arrows show start of water injection. 
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umes of natural water influx as the 
permeability increases from 100 md 
to 400 md. However, the gain in 
water influx as the permeability in- 
creases above 400 md is noticeably 
less, and the gain above 1,600 md 
would be little indeed. 

A factor which has a very impor- 
tant bearing on the magnitude of the 
water influx supplied by the aquifer 
(called the natural water influx in 
this report) is the pressure at which 
the field is maintained during an in- 
jection program. Figs. 9 and 10 give 
results for the assumed reservoir 
when injecting water at the edge of 
the field to maintain various mini- 
mum pressures varying from 1,400 
psi to 750 psi at the center of the 
field. These curves apply to the lim- 
ited aquifer with a permeability of 
400 md and a constant production 
rate of 30,000 B/D. Fig. 9 gives the 
rates of natural water influx and 
water injection, for minimum pres- 
sures of 1,400, 1,250, 1,000 and 750 
psig, as a function of time. The 
curves in Fig. 10 give the cumulative 
values of the natural water influx vs 
time. These curves indicate that 
nearly 100 million bbl of water will 
come into the field to replace pro- 
duced liquid for each 100 psi that 
the field pressure is allowed to de- 
cline. This corresponds to about 10 
per cent of the initial pore space in 
the oil zone. It obviously follows that 
the pressure should be permitted to 
decline as far as possible until other 
factors such as pumping costs nullify 
the advantage to be gained. 

The effect of placing the injection 
wells farther from the oil zone for 
conditions of high permeability 
(1,600 md) and low producing rates 
(18,000 B/D) is shown in Fig. 11. 
The loss in cumulative water influx 
is about 9 million bbl for a distance 
of 1.5 miles from edge of field to in- 
jection wells, and 15 million bbl for 
a separation of 4.8 miles when com- 
pared to injection at the edge of the 
field. For a permeability of 400 md, 
which was used in obtaining curves 
in Figs. 2 to 5, the loss in natural 
water influx for a production rate of 
18,000 B/D would be about four 
times as great or 35 million bbl for 
a distance of 1.5 miles between the 
edge of field and injection wells, 
when compared to injection at the 
edge of the field. Similarly, a differ- 
ence of 60 million bbl would result 
for a separation of 4.8 miles. 


NATURAL WATER INFLUX AND INJECTION RATES, 10> BBLS/OAY 


Fic. 9 — SoLID CURVES GIVE NAT- 
URAL WATER INFLUX RATES vs TIME 
FOR THE LIMITED AQUIFER WITH THE 
DECLINING BRANCHES RESULTING 
WHEN INJECTING WATER, AS SHOWN 
BY THE DASHED CURVES, TO MAIN- 
TAIN THE VARIOUS FIELD PRESSURES 
INDICATED. 


Permeability is 400 md; production rate is 
30,000 reservoir B/D. 


DISCUSSION OF RESULTS FOR 
THE “INFINITE” AQUIFER 


When using an analog circuit rep- 
resenting the “infinite” aquifer pre- 
viously described, a part of the initial 
pressure transient is the same as for 
the limited aquifer. This can be seen 
in Fig. 2 where the dashed curves 
are for the “infinite” aquifer. How- 
ever, instead of ending in constant 
rates of pressure decline, the tran- 
sient continues until a final pressure 
is reached which remains constant 
for the steady-state period. The value 
of this steady-state pressure depends 
both on the rate of production and 
the permeability of the formation. 


The pressures at the center of the 
field with a permeability of 400 md 
are given in Fig. 2, for varying pro- 
duction rates from 6,000 to 60,000 
B/D. The pressure differences from 
the center to edge of the field for 
these rates vary from 17 to 170 psi. 
It can be noted that the length of 


CUMULATIVE NATURAL WATER INFLUX, 


Fic. 10 — CUMULATIVE NATURAL 
WaTER INFLUX VS TIME FOR THE 
LIMITED AQUIFER WITH NO INJEC- 
TION OR WITH INJECTION To MaAIn- 
TAIN THE FIELD PRESSURES SHOWN. 

Permeability is 400 md; production rate is 


30,000 reservoir B/D; arrows indicate start 
of water injection. 
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Fic. 11 — CuRVES SHOWING EFFECT 
OF INJECTION LOCATION ON THE 
NATURAL WATER INFLUX (SOLID 


LINES). 


Dashed lines give water injection to main- 
tain pressure of 1,250 psig in the field. Per- 
meability is 1,600 md, limited aquifer, and 
production rate is 18,000 reservoir B/D. 


time for the transient part of the 
curve is, for a given permeability, 
nearly independent of the production 
rate. 


Fig. 12 presents by the solid curves 
the variation of the natural water in- 
flux rates with time for various with- 
drawal rates. These curves rapidly 
approach the rate of production and 
finally become constant at this value. 
The curves giving cumulative natural 
water influx vs time would be nearly 
identical to those in Fig. 4 except 
that they would not terminate be- 
cause of the field pressure dropping 
to 500 psig. If the cumulative natural 
water influx were plotted against 
cumulative production instead of 
time, the curves for all production 
rates would fall nearly on the same 
curve. This curve would be approxi- 
mately a straight line. This indicates 
that there is no advantage of one rate 
over another for this “infinite” 
aquifer as far as cumulative water 
influx is concerned. There, of course, 
would be a certain maximum rate of 
withdrawal which the aquifer could 
maintain for any appreciable length 
of time. 


Although there would be little rea- 
son for starting a pressure mainte- 
nance program for the conditions 
outlined here, it is instructive to con- 
sider the behavior of the reservoir 
under such a method of operation. 
Figs. 12 and 13 give results for water 
injection at the edge of the field to 
maintain a pressure of 1,250 psig at 
the center of the field. This higher 
pressure was selected because the 
pressure does not decline to 1,000 
psig except for production rates 
greater than 33,000 B/D. Fig. 13 
shows that considerably less natural 
water influx is realized for the higher 
production rates. This is due entirely 
to the very small pressure differential 
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permitted across the aquifer, and 
emphasizes that the field pressure 
should be permitted to decline as far 
as practical in order to achieve maxi- 
mum benefit from the aquifer. 

The initial part of the pressure de- 
cline curve for this “infinite” aquifer 
with a constant production of 30,000 
B/D and various values for permea- 
bility, is the same as for the limited 
aquifer, as shown in Fig. 6. How- 
ever, for the “infinite” aquifer the 
rate of pressure decline continues to 
decrease as indicated by the dashed 
curves. It eventually becomes zero 
where the pressure is constant with 
time, unless the production rate ex- 
ceeds the maximum value which the 
aquifer will support. This latter situa- 
tion is shown to exist by the curve 
for 100 md in Fig. 6. 

Fig. 14 shows, as solid curves, the 
rates of natural water influx plotted 
against time for these same values of 
permeability. These curves differ dur- 
ing the initial pressure transient pe- 
riod, but soon approach the same 
water influx rate. The dot-dash curve 
is an extrapolation of the 100 md 
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Fic. 12 — SoLtp CURVES GIVE NatT- 
URAL WATER INFLUX RATES VS TIME 
FOR THE “INFINITE” AQUIFER WITH 
No INJECTION. 


Dashed curves give the water injection 
rates to maintain a pressure of 1,250 psig in 
the field. Permeability is 400 md; X denotes 
totat fluid production of 1,017 x 10° reser- 
voir bbl. 
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CUMULATIVE NATURAL WATER INFLUX, BELS 


CUMULATIVE PRODUCTION, 10® RESERVOIR BBLS 


Fic. 13 — CUMULATIVE NATURAL 
WATER INFLUX VS CUMULATIVE 
FLUID PRODUCTION FOR THE “INFI- 
NITE” AQUIFER WITH WATER INJEC- 


TION TO MAINTAIN 1,250 PSIG. 

Permeability is 400 md; X denotes total 
fluid production equal to original oil in place. 
Dashed curves are extrapolation of analyzer 
results, 
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Fic. 14 — SoLip CURVES GIVE NatT- 
URAL WATER INFLUX vs TIME FOR 
THE “INFINITE” AQUIFER WITH No 


WATER INJECTION. 

The dashed curves give water injection 
rates to maintain a pressure of 1,000 psig 
(or 1,100 psig) in the field. Production rate 
is 30,000 reservoir B/D. 
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CUMULATIVE NATURAL WATER INFLUX, 10% 


Time IN YEARS 


Fic. 15 CUMULATIVE NATURAL 
WATER INFLUX VS TIME FOR THE 
“INFINITE” AQUIFER WITH WATER 
INJECTION TO MAINTAIN 1,000 PsIG 


(or 1,100 PSIG) IN THE FIELD. 
Production rate is 30,000 reservoir B/D 
and arrows indicate start of water injection. 


results since the pressure had de- 
clined to 500 psi in less than five 
years. The cumulative natural water 
influx would be nearly equal for each 
value of permeability and would, of 
course, vary directly with time after 
the short initial transient. 

For a production rate of 30,000 
B/D the pressure declined only 250 
psi for a permeability of 800 md, so 
that no water injection results are 
given for the 800 md and 1,600 md 
examples. Water injection results are 
given in Figs. 14 and 15 for permea- 
bilities of 100 md and 200 md with 
the pressure maintained at 1,000 psig 
at the center of the field and for 400 
md with the pressure maintained at 
1,100 psig. Fig. 15 indicates that 
even though an extremely large 
source of water may be in communi- 
cation with a field, the permeability 
may be so low that very little energy 
from this source will be available to 
produce the field at an economic rate. 
For the field assumed here and a per- 
meability of 100 md, the limited 
aquifer of 36 miles radius provides as 
much energy to produce the oil as 
the “infinite” aquifer does. 
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SUMMARY OF RESULTS 


The following general summariz- 
ing statements may be made from 
the results presented in this study. 


1. Total water-drive reservoirs 
have in general an initial transient 
pressure decline which may be ex- 
tremely steep at first, followed by a 
steady-state straight line portion 
whose slope depends on the produc- 
tion rate and the extent of the 
aquifer. The straight line portion has 
a slope of zero for the “infinite” 
aquifer used here. The transient pe- 
riod may be of long duration in tight 
formations with the pressure becom- 
ing more dependent on fluid expan- 
sion within the oil reservoir. 

2. “Infinite” or large aquifers may 
easily produce all of the oil from a 
field which is possible by the water 
encroachment process without resort 
to pressure maintenance. However, it 
may be necessary to return the pro- 
duced water, especially when the 
water-oil ratios become high toward 
the end of the life of the field. 


3. A greater total water influx can 
be obtained from a limited aquifer 
without pressure maintenance when 
the producing rates are low at aban- 
donment. 


4. When a pressure maintenance 
program is started, the lower the 
value of the pressure being main- 
tained the greater will be the energy 
received from the natural aquifer. 


5. When water injection is used to 
aid the natural water influx, the in- 
jection wells should be placed as 
near the oil-water contact as possible 
and still maintain a fairly uniform 
flood front. 


6. If the permeability of a fairly 
large or “infinite” aquifer is quite 
low, such as 100 md for the one 
considered here, only a compara- 
tively small part will be effective 
toward producing oil at economic 
rates 
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THE ENCROACHMENT of INJECTED FLUIDS 
BEYOND the NORMAL WELL PATTERN 
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In predicting the sweepout pattern 
efficiency to be expected in a sec- 
ondary recovery operation, the res- 
ervoir engineer is often confronted 
with a situation in which part of the 
producing formation lies between the 
last row of wells and the reservoir 
boundary. To date, there has been 
little or no reference in the litera- 
ture to sweepout pattern efficiencies 
in such areas. This paper presents the 
results of a laboratory study in which 
the area contacted around the edge 
of a reservoir injected in a five-spot 
pattern was determined. The X-ray 
shadowgraph technique was used in 
this study. 


It was found that surprisingly large 
portions of the reservoir area lying 
outside the well network are con- 
tacted by the injected fluid before 
abandonment conditions are reached. 
In fact, it can be said that at least 
90 per cent of the area lying outside 


Manuscript received in Petroleum Branch 
office on July 22, 1954. Paper presented at 
Petroleum Branch Fall Meeting in San An- 
tonio Oct, 17-20, 1954. 

Now employed by Sandia Corp., Albuquer- 
que, N. M. 


VOL. 204, 1955 


DALLAS, TEX. 
R. L, SLOBOD 


MEMBER AIME 


T. P. 4041 


the last row of wells and within a 
distance of one well spacing of these 
wells will ultimately be contacted by 
the injected fluid in the case of most 
water floods. From the results given 
in this paper, it is possible to esti- 
mate not only the extent to which 
encroachment into these areas will 
occur but also the injection volume 
necessary to produce the wells to 
abandonment conditions. 


GEC 


While considerable work has been 
done in recent years’***”" evaluat- 
ing the fraction of the reservoir con- 
tacted as a function of the mobility 
ratio for several different well pat- 
terns, there has been practically no 
mention of what happens to the oil 
in that portion of the reservoir which 
lies between the last row of wells and 
the reservoir boundary. In fact, the 
assumption is generally made that 
little or no recovery can be expected 
from this area. 


This assumption is incorrect and 
in many cases will lead to serious 


1References given at end of paper. 


errors in calculating reservoir per- 
formance. The fraction of the area 
outside the regular well pattern con- 
tacted in a five-spot injection sys- 
tem has been studied using the X- 
ray technique’ to follow the prog- 
ress of actual floods in porous models 
of reservoir elemental areas. In this 
paper, the method for carrying out 
such a study and the results showing 
the fraction of the area in question 
swept as a function of mobility ratio 
and the produced fluids are pre- 
sented. 


THE REPRESENTATION OF 
A RESERVOIR BY ITS 
ELEMENTAL AREAS 


The portion of the reservoir lying 
between the edge of a reservoir and 
a line connecting the outermost wells 
may be roughly designated as the 
part of the reservoir outside the reg- 
ular well pattern. An example of 
such an area is shown as the shaded 
portion in Fig. 1. The case of a 
square reservoir utilizing a five-spot 
injection program and with one full 
well spacing between the outermost 
wells and the boundary (Fig. 1) was 
selected as the single example which 
would provide the most insight into 
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RESERVOIR 


PORTION OF THE RESERVOIR LYING 
OUTSIDE THE WELL NETWORK 
Fic. 1—A HyPOTHETICAL RESERVOIR 
IN WHICH PART OF THE PRODUCING 
FORMATION LIES OUTSIDE THE WELL 
NETWORK. 


the solution of this problem. AI- 
though the case of one-half well 
spacing beyond the pattern is likely 
to be a more common field problem, 
the data presented afford a ready ap- 
proximation of this case. 


In evaluating the performance of 
a reservoir, the geometry of the field 
to be studied is analyzed in terms of 
unit areas which can be combined 
to form the reservoir area. Porous 
medium models are made represent- 
ing these elemental areas and their 
behavior during flooding experiments 
are studied using the X-ray tech- 
nique. The performance of the res- 
ervoir is then calculated by combin- 
ing the performances of the individ- 
ual models using the proper number 
of each of the elemental models to 
describe the reservoir. 


The five-spot pattern used as an 
example in this study contains only 
three elemental areas (I, II, and III 
in Fig. 1). Thus, in this particular 
example, the entire field can be rep- 
resented by combining 24 I’s (33.3 
per cent of the area), eight II’s (27.8 
per cent of the area), and eight III’s 
(38.9 per cent of the area). The field 
performance is determined, there- 
fore, by carrying out flooding studies 
in each of the three elemental models 
and then combining the data accord- 
ing to the fraction of the total area 
represented by each model. Any five- 
spot field in which the area outside 
the well pattern extends a distance 
equal to one well spacing can be 


evaluated with these same data if 
the elemental volumes are combined 
to represent properly the reservoir in 
question. If the distance beyond the 
well network is less than one well 
spacing, a good approximation to the 
answer can be obtained by interpola- 
tion between the case studied and 
the condition wherein there is no 
area outside the well spacing. 


The models used to represent the 
field shown in Fig. 1 were made 
from %-in thick alundum plates, the 
entire outer surfaces being sealed 
with a lead-free ceramic glaze. In 
order to facilitate injection from 
constant rate pumps, flare fittings 
were affixed to the wells with an 
epoxy resin. 

The X-ray shadowgraph technique 
which was used to study the sweep- 
out patterns presented here consists 
of taking X-ray pictures of the model 
at frequent intervals during the in- 
jection of a fluid rendered opaque 
to X-rays.’ These pictures show the 
configurations of the flood front for 
a number of successive stages of the 
operation. The injected and reservoir 
fluids used in these experiments were 
miscible in all proportions. Miscible 
phase displacement was chosen for 
these studies since it permits a more 
accurate determination of mobility 
ratio* and seems to be the most prac- 


*Yhe mobility of a fluid in a porous medium 
has been defined as the ratio of its relative 
permeability to its viscosity. The mobility 
ratio acting in a flood has been defined as 
the ratio of the mobility ahead of the flood 
front (reservoir fluid) to the mobility be- 
hind the front (injected fluid). 
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tical approach to the scaling prob- 
lem. The use of miscible phase dis- 
placement in model studies has been 
discussed in more detail in previous 
papers.” 


In carrying out these experimental 
floods it was found that the area con- 
tacted by the injected fluid continued 
to increase after initial breakthrough 
into the producing wells. This in- 
crease in area was accompanied by 
a corresponding increase in the ratio 
of injected fluid to the reservoir fluid 
in the producing stream. By the 
time abandonment conditions were 
reached (arbitrarily taken as the time 
when the producing stream was 95 
per cent injected fluid—correspond- 
ing to a 19 to 1 water-oil ratio) 
much of the boundary area was con- 
tacted by the injected fluid. 


The extent to which encroachment 
into the boundary area occurs for 
any given model is a function of the 
mobility ratio acting during the flood. 
Each of the three models were flood- 
ed at eta ratios of approximate- 
ly 0.3, 1, 3, and 9. As an example, 
the results obtained for a mobility 
ratio of three will be used in the fol- 
lowing discussion. The complete re- 
sults for all four mobility ratios on 
these and other models for the five- 
spot case may be found in the appen- 
dix. 


The areas contacted by the in- 
jected fluid at three periods in the 
history of the flood (initial break- 
through, a producing cut of 70 per 
cent injected fluid, and a producing 
cut of 95 per cent injected fluid) are 
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TABLE 1 — SWEEPOUT PATTERN EFFICIENCY FOR THE RESERVOIR SHOWN IN FIG. 


Area Contacted 


°% Total Area 


°/, Area Contacted % Total Area 


°% Area Contacted 


1 AT A MOBILITY RATIO OF 3 


% Total Area °% Total Area 


in Model | Contacted in Model II Contacted in Model III Contocted Contacted 
(Representing Represented (Representing Represented (Represented Represented 
33.3% of the by Model | 27.8% of the by Model I! 38.9% of the by Model II! 
Phase total area) total area) total crea) 
Water Breakthrough (As- 
suming well injection 
and withdrawal rates ad- 84 28.0 45 12.5 Sika 12.3 52.8 
justed to yield simulta- 
neous breakthrough) 
Water Cut 0.5 92 0.6 52 14.5 46.3 18.0 62.6 
Water Cut = 0.95 100 93.5 26.0 89.5 34.8 94.1 
(Abandonment Condi- 
tions) 


shown in Fig. 2 for each model 
where the mobility ratio was 3. From 
simple material balance calculations’ 
it is possible to determine the pro- 
ducing cut as a function of the area 
contacted. Such a relationship for 
each of the three models at a mobil- 
ity ratio of 3 is shown in Fig. 3. 


RESERVOIR PERFORMANCE 
FROM ELEMENTAL PATTERN 
STUDIES 


From the results presented in Fig. 
3 it is possible to obtain the area 
contacted in the reservoir shown in 
Fig. | for a mobility ratio of 3. 
Since the fractional area of the res- 
ervoir represented by Model I is 
0.333, by Model II is 0.278, and by 
Model III is 0.389, the results shown 
in Table 1 may be easily calculated. 
Assuming that the well injectivities 
and productivities are such that the 
events shown occur simultaneously, 
the reservoir performance as a func- 
tion of time and amount injected 
may also be calculated by the meth- 
ods described in a previous paper." 
The results in Table 1 show that at 
abandonment conditions (correspond- 
ing to a water-oil ratio of 19 to 1) 
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94.1 per cent of the total area of the 
reservoir would be contacted by the 
injected fluid. In the example taken, 
55.5 per cent of the total area lies 
between the outermost line of wells 
and the boundary of the reservoir 
and since the area inside the well 
network was entirely swept, it may 
be shown that 53.7 per cent of the 
oil to be produced would come from 
outside the well system. 


Similar calculations may be made 
for other mobility ratios and other 
configurations of edge well patterns 
in the five-spot system using the data 
given in the appendix. 


DISCUSSION OF RESULTS 


Based on the limited knowledge 
of sweepout patterns available sev- 
eral years ago, it was common prac- 
tice to predict that for all conditions 
only 72 per cent of the area lying 
inside the actual well network would 
be contacted while none of the area 
lying outside the well network would 
be flooded. For the field example 
shown (Fig. 1) this would amount 
to only 31.2 per cent of the total 
reservoir area. This area is shown 
as the clear area in Fig. 4. By using 
the patterns actually obtained at a 
mobility ratio of 3 (Fig. 2) we find 
that the area represented by the 
heavily shaded areas plus the clear 
areas of Fig. 4 were contacted by 
the injected fluid. Assuming a con- 
stant displacement efficiency for the 
entire reservoir this shows that three 
times as much oil would be produced 
from this reservoir as would have 
been predicted several years ago, and 
that the majority of this excess comes 
from outside the well pattern.” 


“Wor this same example reservoir (Fig. 1), 
the case in which the injection and produc- 
tion wells are reversed has been studied ex- 
perimentally. Over the range of mobility 
ratios used (0.3 to 9.0) it was found that, 
within engineering accuracy, the area con- 
tacted by the flooding fluid at abandonment 
conditions was the same as for the case dis- 
cussed above. This appears logical since only 
the corner patterns (Model III) would be 
affected by such a change, and in these pat- 
terns the differences observed were only a 
few per cent of the area. 


The mobility ratio of 3 which was 
used as an example in this paper is 
one which would correspond to many 
water floods. This ratio would cor- 
respond to that in a reservoir con- 
taining an oil of 2.7 cp (with no 
free gas present) and having a rela- 
tive permeability to water of 0.1 be- 
hind the flood front. 


It should be recognized that the 
reservoir example used in this study 
is an idealized case in which the 
reservoir thickness and permeability 
are uniform and in which the reser- 
voir boundaries represent impermea- 
ble barriers. In actual practice, boun- 
daries will often be either a water 
contact or a thickness pinchout. 
While the presence of such boun- 
daries would cause some changes in 
the sweepout patterns reported above, 
these changes are not believed to be 
large. In this connection it appears 
that relative permeability changes 
will impede water boundary move- 
ments, while pinchouts present not 
only less cross section open to flow 
but also, in proportion, a smaller 
amount of fluid to be moved. 


COUN LOUNGES 


It has been shown that a very sub- 
stantial portion (50 per cent to 98 
per cent) of a reservoir lying te- 
tween the outermost row of wells 
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and the reservoir boundary is con- 
tacted by the injected fluid at normal 
mobility ratios. The knowledge of 
this fact may, in many instances, dis- 
count greatly the need for extra wells 
close to the boundary of an oil field. 


Data are given which may be used 
to evaluate the production of oil 
from the edges of a five-spot injec- 
tion system. 


JX 12 12 IN| ID) 


Since the results of this study have 
been presented in the above discus- 
sion for the single case of mobility 
ratio — 3, this section of the paper 
presents detailed results for all mobil- 
ity ratios and patterns studied. The 
procedures described in the paper to 
obtain results tor mobility ratio of 3 
were also used to study all other 
mobility ratios. 


Complete results are shown in two 
families of curves for each model. 
Each family of curves shows the 
per cent area swept as a function of 
mobility ratio. The parameter for 
one of these families is producing 
cut. The parameter for the other 
family is volume injected expressed 
as the ratio of volume injected to 
the displaceable volume.* 


Figs. 5 and 6 show these results 
for Model I of Fig. 1. The results 
for Model II are shown in Figs. 7 
and 8, and results for Model III in 
Figs. 9 and 10. 


Methods of applying the results as 
presented by these curves to reser- 
voir performance calculations have 
been presented in a previous paper." 


In addition to the boundary well 
systems discussed above, two other 
possible boundary well systems which 
might arise in five-spot flooding have 
been studied. The manner in which 
these systems might arise in practice 
can) It isstosbe 
noted that the reservoir boundaries 
in this figure are oriented at 45° 
relative to those in Fig. 1, and that 
the distance between the last row of 
wells and the reservoir boundary has 
been varied. The shapes of the two 
additional models are denoted by the 
dotted lines in Fig. 11 and designated 
as IV and V. 


*“Displaceable volume is defined as the total 
volume of oil originally in place in the por- 
tion of the reservoir under study less the 
volume of residual oil which would be left 
after the injected phase has contacted the 
entire volume. 


Defining the displaceable volume thusly 
allows the parameter to be applied to any 
flooding system when the proper values for 
reservoir bulk volume, connate water, and 
residual oil are used. 
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Fic. 13—-EFFECT OF MOBILITY RATIO 

ON SWEEPOUT PATTERN EFFICIENCY 

FOR VARIOUS DISPLACEABLE VOL- 
UMES INJECTED IN MODEL IV. 


Exception should be taken to the 
unqualified statement by the authors 
of this paper that the assumption 
generally made that “little or no re- 
covery can be expected [from] the 
area contacted around the edge of a 
reservoir injected in a five-spot pat- 
tern is incorrect and in many cases 
will lead to serious errors in calculat- 
ing reservoir performance.” 

The inference is that the authors 
are including water drive in their 
“reservoir injected in a five-spot pat- 
tern.” This inference is further con- 
VOL. 204, 
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FOR VARIOUS PRODUCING RATIOS (¥,) 
IN MODEL V. 


Model V is of additional interest 
since it also represents an internal 
reservoir element for those fields 
which are made up of individual five- 
spot systems spaced in rectangular 
areas; each system being offset from 
all adjoining systems. 

Results for Model IV are pre- 
sented in Figs. 12 and 13 and results 
for Model V in Figs. 14 and 15S. 
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firmed by the first line of their ab- 
stract—‘‘In predicting the sweepout 
pattern efficiency to be expected in a 
secondary recovery operation the res- 
ervoir engineer” etc. 

Since by far the greater number of 
secondary recovery operations with 
injection in a five-spot pattern are 
waterflood operations, we wish to 
point out that the conclusions drawn 
by the authors from these laboratory 
experiments using miscible fluids 
have no direct application to calcu- 
lating reservoir performance and re- 
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covery estimates for the usual secon- 
dary recovery operation. Relative 
permeability gradients present when 
oil and water are the reservoir fluids 
concerned are completely ignored in 
these experiments. No such enlarged 
contacted areas outside the well pat- 
tern can be demonstrated with im- 
miscible fluids, short of fantastic and 
uneconomic time intervals. Relative 
permeability is a controlling factor 
tending to minimize the size of the 
area contacted between the injection 
wells and the boundaries of the field 
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in an oil reservoir injected with 
water by a five-spot pattern. 
Furthermore, these experiments 
and conclusions therefrom do not 
take into consideration the presence 
and effect of a gas phase saturation 
in the reservoir. Most water floods 
are undertaken when the reservoir is 
nearly depleted by primary produc- 
tion or at least when below the bub- 
ble point. Residual gas saturation in 


any unswept area bordering “con- 
tacted’’ or swept areas is often 
largely replaced volumetrically by 
the liquids flooded out from the 
swept areas. Oil displaced from the 
swept area is not synonymous with 
recoverable oil. A large portion may 
often be trapped in the residual gas 
pores of the unswept area by reason 
of the imposed injection pressures. 
It is regretted that misleading ap- 
plications are made or inferred be- 


tween “simplified” or circumscribed 
laboratory experiments and perform- 
ance of actual reservoirs. Any sug- 
gested application of such scientific 
or basic experiments to actual reser- 
voir conditions should be accom- 
panied by an equally scientific ap- 
praisal of the possible quantitative 
errors involved or the limiting range 
of applicability when the other ex- 
isting variable parameters of a reser- 
voir are taken into consideration. 


AUTHORS’ REPLY to COLLINGWOOD and KERN 


The comments of Collingwood and 
Kern are incorrect. Moreover, they 
are stated so forcefully that a strong 
answer is needed to bring the ques- 
tion into proper focus. Their com- 
ments show that they do not recog- 
nize or understand the rationality of 
this study, namely that: (1) the area 
swept in an injection operation de- 
pends mainly on the mobility ratio, 
and (2) when miscible phases are 
used to obtain the desired mobility 
ratio in models, the areal sweepout 
is the same as would be observed 
if immiscible phases with the same 
mobility ratio were used. 

The main points raised in the com- 
ments, and our answers are as fol- 
lows: 


1. Collingwood and Kern state 
that we imply that water flooding 
is covered by our work. Our position 
is that water flooding, gas drives, etc. 
are all covered by our work since our 
results are expressed as a function 
of mobility ratio. Some assumptions 
are involved, such as having one 
mobility on each side of the front, 
but these assumptions are clearly 
stated in the paper. 


2. They also state that miscible 


The authors of this paper are in 
possession of a most valuable labora- 
tory method for the solution of the 
difficult problem of the effect of mo- 
bility ratio on sweep pattern. The 
present attempt at a synthetic solu- 
tion of a complex flow pattern is 
unfortunately inaccurate. It would 
have been perfectly legitimate to cut 
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phases cannot be used to represent 
water flooding. Again this reflects 
failure to understand the modeling 
involved. The important variable in- 
volved is the mobility ratio. In this 
respect the model with miscible 
phases is representative of a water 
flood which has the same mobility 
ratio as the model. 

3. Ignoring relative permeability 
gradients is charged. We have found 
that in waterflooding a water wet 
medium there are no significant gra- 
dients except when highly viscous 
crudes are encountered. This can 
also be stated by saying that prac- 
tically all of the oil is displaced at 
the water front. The zone in which 
two phases are flowing is so small 
that it is unimportant with respect 
to the areal sweepout behavior. 

4. “Relative permeability will min- 
imize the size of the area contacted.” 
Again we believe the opposite. The 
reduced relative permeability to wa- 
ter because of residual oil lowers the 
mobility of the flooding water. This 
lower mobility makes for a_ better 
sweep as shown by the data in the 
paper. 

5. “Effect of gas not considered.” 
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the authors’ model (Fig. 1) along the 
lines of symmetry, since these must 
be flow lines; there are, however, 
only four such lines in Fig. 1 of the 
paper: the vertical and the horizontal 
bisectors, and the diagonals. Most 
of the boundaries of the authors’ seg- 
ments I, If and III are not flow lines; 
consequently, cuts along these bound- 


This is true, but for the cases we 
covered, we believe the effect of gas 
saturation is not large. Also, gas both 
helps and hinders. The fact that it 
flows easily ahead of the water im- 
proves the sweepout pattern. The 
fact that oil in the oil bank tends to 
replace the gas is deleterious. 


6. Finally, Collingwood and Kern 
leave the thought that these results 
are not applicable to the reservoir. 
Again, we feel that they have not 
understood what we say in this 
paper. This paper says: 

a. Mobility ratio determines the 
area contacted by the displacing 
phase. 


b. If you know the mobility ratio 
for the reservoir, you can run a 
model experiment with this mobility 
ratio and get data telling how the 
reservoir will behave if the reservoir 
is homogeneous. 


c. Since mobility ratio is a con- 
trolling factor in determining areal 
sweepout, the simplest way to get 
the desired mobility ratio is the best. 
We have found the use of miscible 
phases to be satisfactory. Other solu- 
tions are possible, but data obtained 
with miscible phases are valid. 


aries are inadmissible in a rigorous 
treatment. This criticism is most seri- 
ous in the case of segment III, which 
must be operated long after the shut- 
ting down of the interior segments. 
such as I, when the flow lines would 
depart widely from the authors’ as- 
sumption. An attempt to complete 
the flooding of all segments simul- 
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taneously by the employment of dif- 
ferent rates in the various segments 
would merely lead to further depar- 
ture of the flow lines from those as- 
sumed by the authors. 

The authors’ conclusions as to the 
areas contacted at the end of the 
flood are based on a terminal water 
cut of 95 per cent, and the tacit, but 
very unrealistic, assumption that this 
water cut is a function of sweep pat- 
tern alone. In reality a major con- 
tribution to water production arises 
from non-uniform permeability dis- 
tribution both laterally and_ trans- 
versely to the formation. Because of 
this additional water influx one can- 
not in practice expect to carry the 
sweep pattern to anywhere near the 
point assumed by the authors. 

Again, since the work was per- 
formed with miscible fluids, the au- 
thors did not obtain any production 
from behind the front of the invading 
fluid; this is a factor which normally 
mitigates the water influx, and which 


could not be taken into account by 
the technique which was employed. 

As a consequence of all the fore- 
going, it would appear that the re- 
sults of the work cannot be applied 
to field problems without consider- 
able modification. Some words of 
caution in this regard are contained 
in the last paragraph of “Discussion 
of Results,” but this is completely 
overlooked in the “Conclusions” and 
in the second paragraph of the 
abstract, where the authors make 
sweeping applications to field prob- 
lems. 

In the last paragraph of “Discus- 
sion of Results” the authors state 
that their conclusions would not be 
altered significantly if the imperme- 
able outer boundary of their field 
model were replaced by a water con- 
tact. This is completely unsupported 
by anything in the paper; it is in 
radical disagreement with my own 
work on an analogous case, where 
the mobility of the oil was low com- 
pared to the mobility of water in the 


adjoining aquifer, which is the usual 
case. If we assume oil with a vis- 
cosity of 2.5 cp, and relative per- 
meability of 50 per cent, as com- 
pared with water with a viscosity of 
0.5 cp, and relative permeability of 
100 per cent (in the aquifer), the 
mobility ratio of oil to water is 0.1. 
Any tangential component of the 
pressure gradient along the oil-water 
contact must then result in a water 
flow which is 10 times the rate of 
oil flow. This means, of course, that 
the water in the aquifer participates 
largely in the movement: oil is 
forced into the aquifer opposite the 
injection wells, whereas water enters 
the field from the aquifer opposite 
the producing wells. The entire pat- 
tern departs radically from that of 
the authors’ experiment. My own 
conclusion has been that the only 
effective means of sweeping the outer 
belt of oil is by placing the injec- 
tion wells either very close to the 
water contact, or, preferably, in the 
aquifer itself. 


AUTHORS’ REPLY to ALEXANDER WOLF 


It is true that the elemental pat- 
terns studied do not rigorously rep- 
resent the field shown in Fig. 1. They 
were not intended to do so. The in- 
tent of this study was to investigate 
various geometric elements which 
could be used to approximate the 
sweepout behavior of the outer boun- 
dary of any reservoir developed on 
a five-spot pattern. The elements 
shown were chosen as being the most 
universally applicable. The hypothe- 
tical reservoir of Fig. 1 was em- 
ployed as an example of the manner 
in which a reservoir might be repre- 
sented by a combination of elements. 

Several experiments have shown 
the practical applicability of using 
the results from a combination of 
elemental patterns to represent the 
reservoir. One-fourth of the model 
shown in Fig. 1 (cut along true 
streamlines as Wolf mentioned) was 
used in an experiment at a mobility 
ratio of one. The results indicated 
that, although the elements were not 
rigorously based on streamlines, the 
production as calculated from the 
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results of these elements is very close 
to that actually obtained in the more 
rigorous model. A second experiment 
involved modeling a small reservoir 
containing two injection wells and 
five producing wells. Injection and 
producing rates were proportional to 
those in the reservoir. Again it was 
found that the production history 
predicted on the basis of individual 
elements was extremely close to that 
obtained in running the complete res- 
ervoir model. 

The presence of non-uniform per- 
meability distributions in the reser- 
voir will undoubtedly lead to sweep- 
out pattern efficiencies and produc- 
tion data different from those pre- 
sented in the paper. As was pointed 
out in the discussion of results, these 
models represented reservoir ele- 
ments of uniform thickness and per- 
meability. If the presence and magni- 
tude of permeability inhomogeneities 
in a reservoir are known, the results 
obtained on uniform models must be 
corrected either by further experi- 


mentation or by calculation. Oil pro- 
duction from behind a waterflood 
front should be insignificant in most 
cases, as discussed in Item 3 of the 
reply to Collingwood and Kern. 


Wolf emphasizes a valid point in 
pointing out differences in behavior 
with a water contact instead of an 
impermeable barrier as a boundary. 
Our belief that in general the differ- 
ence would not be large considered: 
(1) the pressure potentials along a 
streamline at the water-oil contact 
will be weaker than those existing in 
a more direct line between the wells, 
and (2) as the oil invades the water 
zone, and the water invades the oil 
zone, relative permeability will rap- 
idly increase the resistance to flow 
through the aquifer path. In any 
event, a substantial oil recovery from 
the regicn beyond the well pattern 
may be expected, although an accur- 
ate determination when a water-oil 
contact is the boundary would re- 
quire a very complicated analysis. 
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Laboratory experiments have shown profound dif- 
ferences in the behavior of so-called “fresh cores’ from 
the East Texas field and of the same cores after ex- 
traction with organic solvents. The residual oil satura- 
tion remaining after waterflooding fresh cores was 
appreciably lower than the corresponding saturations 
after flooding extracted cores. This behavior was also 
reflected in the water-oil relative permeability-saturation 
relations, which were more favorable for high oil recov- 
ery from the fresh cores. 

These differences were evident not only in the amount 
of residual oil left after water flooding, but also in the 
saturation water remaining in the core after displace- 
ment by oil. Residual water saturation after displace- 
ment of water by oil was higher in the fresh cores than 
in the extracted cores. Capillary pressure-saturation 
relations were also different for the fresh and extracted 
cores. 

Imbibition experiments indicated that both fresh and 
extracted East Texas cores imbibed water spontane- 
ously, but the rate of imbibition of water was higher 
for samples after extraction than it was for fresh core 
material. 


ODWC LiLo Nn 


Several years ago a series of waterflooding tests was 
made in the laboratory on a number of Woodbine core 
samples from the East Texas field. These samples had 
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been stored in containers open to the air and were 
extracted with organic solvents before they were sub- 
jected to the laboratory tests. After water flooding, the 
residual saturation of kerosene, which was the oil used 
in the tests, was found to average about 30 per cent. 

This saturation was higher than expected. In investi- 
gating the circumstances which might have been respon- 
sible for such a high residual oil saturation, attention 
was given to possible changes in wetting properties of 
the rock brought about by the procedure employed in 
extracting the cores. Preliminary results indicated that 
the explanation for the high residual oil saturation lay 
in the wetting behavior of the cores, though what effect 
extraction had on this behavior was not clear. In con- 
sequence, the work described in this report was under- 
taken in an attempt to investigate the mechanism re- 
sponsible, and to ascertain the actual residual oil satura- 
tion to be expected in the reservoir after water flood- 
ing. It was soon found that there were profound differ- 
ences in the behavior of so-called “fresh cores” from 
the East Texas field and of the same cores after extrac- 
tion with organic solvents. These differences were evi- 
dent not only in the amount of residual oil left after 
water flooding, but also in the saturation of water re- 
maining in the core after displacement by oil. 

The complete explanation of this behavior is not 
yet apparent. The description of work and results de- 
scribed in following sections, therefore, must be con- 
sidered as an interim report presenting facts which must 
await additional information before they can be fully 
interpreted. 
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Fic. 1 — COMPARISON OF CENTRIFUGE CAPILLARY 
PRESSURE-SATURATION RELATIONS OF A FRESH 
AND EXTRACTED SAMPLE. 
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All of the core samples used in this study were 
from the producing zone of the East Texas field. Some 
were preserved at the wellsite, immediately after they 
had been removed from the core barrel, to exclude air 
and to retain the fluid content of the freshly-cut cores. 
The usual method of preserving cores consisted in 
wrapping them in aluminum foil and sealing with a 
thick coating of paraffin wax. These, for convenience, 
were termed “fresh” cores, even though it is realized 
that their fresht.ess was a matter of the degree to which 
they might have been altered by infiltration of water 
from the drilling mud and by unavoidable exposure to 
the atmosphere. The term “fresh” was also applied to 
plugs cut from these cores after they had been trans- 
ported to the laboratory. Fresh cores, as received in 
the laboratory, contained some crude oil, some connate 
water, and some filtrate from the drilling mud used in 
cutting them. 

For comparison with tests on the fresh cores, use 
was made either of the same cores after extraction with 
organic solvents, or, in some cases, of cores which 
were not preserved and which were extracted in the 
laboratory. These core samples were designated as 
“aged” cores. 


BEHAVIOR AT LOW WATER SATURATIONS 


In investigating the differences in behavior of fresh 
and aged East Texas cores containing water and oil, 
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attention was given to the behavior at low water sat- 
urations because of the importance of this region in 
determining connate water saturation in the reservoir. 

The region of low water saturation in both fresh and 
aged samples was explored by capillary pressure meas- 
urements, by displacement of water by oil, by compari- 
son of resistivity measurements, and by measurement of 
spontaneous water imbibition. 


CAPILLARY PRESSURE BEHAVIOR 


In examining the behavior of fresh and aged cores 
in the region of low water saturation by capillary pres- 
sure measurements, determinations were first made on 
fresh cores; the cores were then extracted, and the 
determinations were repeated. In order to minimize 
the possibility of anomalous results being introduced by 
peculiarities of a particular technique, two different 
methods were used to determine the capillary pressure- 
saturation relations. These were the centrifuge method 
and the conventional porous diaphragm technique. 

The cores used were from the East Texas field. They 
were cut with a diamond bit in a watered-out produc- 
ing zone by use of ordinary mud. The fresh cores, 2% - 
in. in diameter, were brought to the laboratory sealed 
in paraffin, and 1-in diameter plugs were cut parallel 
to the bedding planes. The plugs were immediately 
placed in 3 per cent salt water in a closed container, 
and the system was evacuated to remove any free gas 
from the plugs. 

The plugs were divided into two groups. One group 
was subjected to capillary pressure measurements by 
the centrifuge technique and the other by the porous 
diaphragm procedure. Samples run by the centrifuge 
method were placed in centrifuge cups filled with kero- 
sene, and were centrifuged in stages down to essen- 
tially constant water saturations. Samples run by the 
porous plate method were placed in capillary pressure 
cells on porous diaphragms saturated with 3 per cent 
salt water. The capillary pressure cells were filled with 
kerosene, and pressure was applied in stages until the 
complete capillary pressure curve had been obtained. 

On completion of these tests, the samples were ex- 
tracted by alternately flooding with hexane and distilled 
water. They were then dried and subsequently saturated 
with a 3 per cent sodium chloride solution. Capillary 
pressure measurements were then again run on the 
“aged” samples by the centrifuge and porous diaphragm 
methods. 


Of the 12 samples run by the centrifuge method, 
most were of low permeability. The average “irreduci- 
ble minimum” water-saturation of the fresh cores was 
45 per cent, and the corresponding value after extrac- 
tion was 21 per cent. Typical results on one of the more 
permeable samples run by this method are shown in 
Figs 

The eight samples examined by the porous diaphragm 
method were all greater than 1,000 md in permeability. 
The average terminal water saturation for the fresh 
samples was slightly more than 9 per cent; the satura- 
tion after extraction averaged about 5 per cent. Results 
typical of those obtained by the porous diaphragm 
technique are shown in Fig. 2. 

Not only were the terminal water saturations greater 
by both techniques for fresh cores than for the aged 
samples, but also there were often significant differ- 
ences in the saturations before the terminal saturation 
was attained. These differences are particularly evident 
in Fig. 2, where noticeably higher water saturations 
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over most of the capillary pressure range were found 
for the fresh cores. 


RESIDUAL WATER SATURATION 
AFTER FLOODING WITH OIL 

In investigating the behavior of fresh and aged cores 
at low water saturations by displacement of water by 
oil, use was made of full-size core samples 2%-in. in 
diameter. All cores were from watered-out producing 
zones in the East Texas field and had been cut with 
ordinary drilling mud. 

The fresh cores were removed from their paraffin 
seals and were cut with a diamond saw into cylinders 
several inches long. The samples were then placed 
under kerosene and were evacuated to remove any 
free gas. Several hundred pore volumes of kerosene 
were then flowed through the samples under a high 
pressure differential until no additional interstitial water 
was displaced. The volume of water displaced from 
cach sample at its terminal water saturation was re- 
corded. The samples were then waterflooded with 
20 per cent salt solution to residual oil, then were 
flooded again with several hundred pore volumes of 
kerosene to “irreducible minimum” water saturation. 
This procedure was repeated until four such cycles had 
been made, at which time the samples were extracted 
with benzene and methanol, dried, resaturated with 
brine, and flooded with kerosene until no water ap- 
peared in the effluent. 

Altogether, nine fresh East Texas samples were 
subjected to repeated floods. On flooding with large 
volumes of kerosene for the first time, the average 
terminal water saturation for these nine samples was 
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Fic. 2— COMPARISON OF PoROUS DIAPHRAGM CaPIiL- 
LARY PRESSURE-SATURATION RELATIONS OF A FRESH 
AND EXTRACTED SAMPLE. 
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RUN NUMBER 
Fic. 3 — “IRREDUCIBLE MINIMUM” WATER SATURATION 


AS CORE WAS REPEATEDLY FLOODED. 


40 per cent. The average water saturation at the end 
of the second flood was 34 per cent. After extraction 
of the samples with benzene and methanol, much more 
of the water could be displaced by kerosene, the aver- 
age irreducible minimum water saturation being 20 
per cent. 

The results on a typical sample are shown in Fig. 3, 
where the irreducible minimum water saturation was 
40 per cent when the fresh sample was first kerosene 
flooded. The corresponding saturation was 25 per cent 
after the sample had been extracted. 


RESISTIVITY BEHAVIOR 


Resistivity measurements made in conjunction with 
the foregoing displacement experiments furnished addi- 
tional information on the behavior of fresh and aged 
cores. After each cycle in which water was displaced 
by kerosene, resistivity measurements were made on 
the core samples by use of conventional techniques. 

Since the water saturations were different after each 
successive displacement by kerosene, it was necessary, 
in order to facilitate comparison, to correct the resistiv- 
ities to a common value of water saturation. This was 


done by making use of the relation = = S$", where 


R, is the resistivity of the core completely satu- 
rated with 20 per cent sodium chloride solu- 
tion, 

R is the resistivity at saturation S of the 20 per 
cent sodium chloride solution, 

n is the saturation exponent, as determined from 
the experimental data. 

All resistivities were corrected by this procedure to 
a common water saturation of 40 per cent. Typical of 
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Fic. 4 — WaTER IMBIBITION BY A FRESH AND 
EXTRACTED CORE. 


the results for several core samples are the corrected 
resistivities shown in Table 1. The decrease in resistivity 
as the sample was subjected to successive floods is 
greater than could be accounted for by possible error 
either in the determination or in the procedure used in 
correcting water saturation to a common basis. 


SPONTANEOUS IMBIBITION OF WATER 


Additional information on the behavior of fresh 
and aged cores at low-water saturations was obtained 
by water imbibition experiments. In these experiments 
the rates of imbibition were determined for a fresh core 
and on the same core after it had been extracted. 

The core sample was 2¥%-in. in diameter and 3-in. 
long. The fresh core was immersed in kerosene and 
evacuated to remove free gas. Several hundred pore 
volumes of kerosene were flooded through the core to 
reduce the interstitial water saturation to its terminal 
value. The core was then placed in an apparatus which 
permitted sealing off of the peripheral surface of the 
core and of one end. Water was then circulated past the 
exposed end. Water was imbibed by the core, and oil 
was produced. The amount of oil produced by this 
spontaneous water imbibition was measured and re- 
corded as a function of time. After no more oil was 
produced, the sample was extracted with benzene and 
methanol, dried, resaturated with brine, and reduced, 
by flowing kerosene through the core, to the same water 
saturation it had at the start of the first imbibition test, 
43.2 per cent. The imbibition experiment was then re- 
peated on the extracted core. 

The results of the two imbibition tests are illustrated 
in Fig. 4. As shown in this figure, the rate of imbibition 
was much greater for the extracted core than it was 
for the fresh sample. 


RECAPITULATION 


In recapitulation, the behavior of East Texas core 
samples at low water saturations revealed that: 

1. The irreducible minimum water saturation was 
higher for fresh cores than it was for the same cores 
after extraction with organic solvents. 

2. The irreducible minimum water saturation de- 
creased with repeated determinations on fresh core sam- 
ples. 


TABLE 1 — COMPUTED RESISTIVITIES AT 40 PER CENT WATER SATURATION 
AS A FRESH CORE IS REPEATEDLY FLOODED 
Waterflood Resistivity 
Number chm-meters 
2 
Sample extracted with Benzene 


Resistivity of solution = 0.045 ohm-m 
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3. The electrical resistivity of a tresh core sample 
was higher at low water saturation than that of the 
same core at like saturation after extraction with 
organic solvents. 

4. A fresh core sample readily imbibed water with 
expulsion of oil, but not as readily as did the same 
sample after extraction. 


BEHAVIOR AT LOW OIL SATURATION 


Of even more importance than the region of low 
water saturation is that of low oil saturation, since it 
is the behavior in the latter region that determines the 
residual oil saturation after displacement by water. The 
region of low oil saturation was explored by water- 
flooding tests conducted on fresh and aged core samples. 


RESIDUAL OIL SATURATION AFTER WATER FLOODING 

The experiments described previously, which ftur- 
nished data on water saturation after flooding by oil, 
were also utilized to yield information on residual oil 
saturation after water flooding. From weights deter- 
mined at each stage of the flooding experiments, the 
dry weights of the core samples, and the weights of the 
brine-saturated samples, it was possible to compute the 
residual oil saturation after each water flood. 

After repeated water floods, some of the cores were 
extracted with different organic solvents to determine 
whether the nature of the solvent affected the behavior 
at low oil saturation. Extractions were made using 
hexane, methanol, benzene, toluene, and combinations 
of these on the different cores used in these tests. 

As the fresh core samples underwent successive 
floods, their characteristics changed in such a manner 
that usually more residual oil was left after each re- 
peated water flood than was left on the previous one. 
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The average residual oil saturation for the nine core 
samples examined was about 12 per cent for the fresh 
samples, and increased on successive floods until it 
reached a value of about 30 per cent after extraction. 

Of the nine core samples, three exhibited large 
changes as the cores aged. The average residual oil 
saturation of these three was 2 per cent after the first 
water flood and increased to an average of 33 per cent 
after extraction. Typical of these cores were the results 
shown in Fig. 5. 

Additional information on the residual oil saturation 
was obtained from tests made on another group of 
core samples from the East Texas field. Core samples 
from this well were divided into four groups at the 
wellsite. One group was preserved by wrapping in 
metal foil and sealing in paraffin; another was put 
into containers under evacuated formation water; a 
third was placed in containers under aerated forma- 
tion water; and the fourth group, entirely unprotected, 
was placed in cloth core bags. Samples from all groups 
were, in the laboratory, placed in 3 per cent salt water, 
evacuated, flooded to low water-saturation with kero- 
sene, and then were waterflooded to residual oil. The 
results, subject to some question since the samples were 
not necessarily replicates, showed that the average resid- 
ual oil saturation for the samples sealed in paraffin was 
about 13 per cent, for the samples kept under evacuated 
water was virtually the same, for the samples submerged 
in aerated water was 24 per cent, and for samples ex- 
posed to the air was 25 per cent. 


RELATIVE PERMEABILITY-SATURATION RELATIONS 


Relative permeability-saturation relations calculated 
from data obtained in the foregoing repeated water- 
flooding tests served to give additional information on 
differences in behavior of fresh and aged cores in the 
region of low oil saturation. 

Shown in Fig. 6 are data on water-oil relative per- 
meabilities for a core sample subjected to repeated 
floods while fresh and to one flood after extraction. 
As illustrated in this figure, when compared at con- 
stant water saturation, the ratio of the relative per- 
meabilities to water and to oil, respectively, increased 
as the floods were repeated. Extraction resulted in a 
further large change. 


RECAPITULATION 


In recapitulation, laboratory tests on the behavior of 
fresh and aged cores in the region of low oil saturation 
showed that: 

1. Residual oil saturations on flooding fresh East 
Texas cores were unusually low, of the order of 15 
per cent or less. 

2. Residual oil saturations of aged cores were con- 
siderably higher, averaging possibly 30 per cent. 

3. Residual oil saturations of fresh cores increased 
on repeated flooding. 

4. Residual oil saturations of cores exposed to the 
air appeared to be higher than those of cores from 
which air was excluded. 


CONCLUSIONS 


It may be concluded as a result of this work that: 

1. East Texas field cores must be preserved at the 
wellsite to prevent alteration of their behavior. 

2. Cores from the East Texas field should not be 
extracted if they are to be used in laboratory tests to 
predict reservoir waterflooding behavior. 
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Was REPEATEDLY FLOODED. 


3. Fresh East Texas field core samples imbibe water 
spontaneously. After extraction with organic solvents, 
they still imbibe water spontaneously, but their behavior 
differs substantially from that of the fresh cores. 

4. There is a lack of knowledge as to whether the 
irreducible minimum water saturation given by capil- 
lary pressure measurement on fresh or on aged cores 
is more nearly representative of the connate water sat- 
uration in the reservoir at a distance above the water 
table. Consequently, the question of which should be 
used cannot be answered at this time except by com- 
parison with directly determined connate water satura- 
tions made on cores cut with nonaqueous fluid. 

5. It is recommended that fresh cores from other 
fields be examined to see if they exhibit this behavior. 
It would be most desirable wherever possible to obtain 
cores as little disturbed from their reservoir conditions 
as possible. 

Perhaps the most important aspect of this research 
is the finding that the residual oil remaining in water- 
flooded reservoirs may be much lower than would 
be expected from the results of core tests on extracted 
or weathered cores. The importance of this possibility 
cannot be overlooked in the estimation of reserves and 
in the selection of the recovery method to be employed 
in the production of a particular reservoir. Conclusions 
regarding the feasibility of secondary recovery opera- 
tions and the influence of such factors as a free gas 
saturation during a water flood must be based on 
experiments using cores whose behavior adequately 
represents that of the in-place reservoir rock. 

At the present time it seems most likely that altera- 
tions in the nature of the solid surfaces of the rock are 
responsible for the observed changes in gross flooding 
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behavior. However, a detailed explanation cannot yet 
be advanced, for an adequate method for measuring 
wettability of core surfaces or for observing directly 
the influence of wettability on the gross flooding be- 
havior has not yet been devised. Even though the rea- 
sons for the observed changes in core properties of 
fresh and aged cores are not completely understood, 
it is presently believed that restored-state flooding ex- 
periments conducted on cores which have been care- 
fully preserved to prevent evaporation and weathering 


of the fluids will provide more representative values 
of residual oil than will similar experiments on cores 
which have been extracted with organic solvents, dried, 
and resaturated. 


The authors are indebted to R. V. Randall who did 
much of the initial experimental work and to K. H. 
Ribe who also performed several original experiments. 


DISCUSSION 


UZZELL S. BRANSON, JR. 
MEMBER AIME 


Data presented in this paper show wide variations 
in values of connate water and residual oil saturation 
after flooding dependent on treatment of cores after 
removal from the well. Although these deviations par- 
tially compensate for each other, determining which 
technique results in data more closely corresponding 
to reservoir conditions is of prime importance for 
recovery estimates. 

One difference presented was considerably higher 
residual water found in fresh cores after displacement 
by oil using both the centrifuge and porous plate 
techniques. The authors suggest that coring with non- 
aqueous fluids would determine which set of values 
more nearly corresponds to reservoir conditions. Data 
published earlier* indicate that restored state measure- 
ments on “aged” cores usually give slightly higher 
connate water saturations than are obtained by coring 
in oil base fluids. These data, including as the nearest 
available comparison samples from the Woodbine sand 
in the Hawkins pool, suggest that data from thoroughly 
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cleaned cores is the more accurate with regard to 
connate water content. 

Flood test measurements showed higher residual oil 
saturations on “aged” samples than on “fresh” sam- 
ples. Here again, direct core analysis measurements 
of residual oil content, particularly that of samples 
cut in the watered out producing zone, would be help- 
ful in deciding which set of data is correct. Residual 
oil measured in cores cut in aqueous drilling fluids 
has been found in reasonable agreement with that meas- 
ured in flood tests in many cases. Data presented in 
this paper may explain some cases that have not cor- 
responded to this rule. 

Another item of interest would have been a more 
complete explanation of the methods of determining 
saturations and assuring their reliability, particularly 
oil saturations on repeated flooding. 


=W. A. Bruce and H. J. Welge: ‘‘The Restored State Method for 
Determination of Oil in Place and Connate Water.’’ API Drilling 
and Production Practice (1947) 166. 


AUTHORS’ REPLY to UZZELL S. BRANSON, JR. 


We agree with Mr. Branson on the importance of 
laboratory experiments yielding results which accurately 
portray reservoir behavior. Unfortunately, as was men- 
tioned in the paper, data are not available at this time 
on comparisons of water content of cores from oil 
zones cut with non-aqueous fluids and laboratory meas- 
urements. Until such time as a number of comparisons 
of this nature are available, it behooves us to keep 
an open mind in the matter. 
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Referring to the methods used to measure satura- 
tions, gravimetric measurements were used as the pri- 
mary standard. Large samples were used where re- 
peated floods were made to allow volumetric checks 
and to minimize the importance of loss of sand grains. 
Careful handling of the samples along with the use 
of dense salt water improved the accuracy of weight 
determinations. Evacuated fluids were used to prevent 
the possibility of a free gas saturation introducing 
errors. 


EXTERNAL CASING CORROSION CONTROL 


The external corrosion of casing 
is one of the most important prob- 
lems facing the present day produc- 
tion man. A 1953 NACE report’ 
estimated the annual cost of casing 
corrosion at $2,200,000 in 22 fields 
studied. The fields represented only 
10 per cent of the wells in the 
United States. It was significant that 
77 per cent of the failures reported 
were due to external corrosion. 


A variety of means for combatting 
the casing corrosion problem have 
been discussed in papers such as the 
NACE survey’ mentioned previously. 
No attempt to review these will be 
made in this paper. The scope of this 
paper has been limited to a discus- 
sion of the following major items: 
(1) an instrument for studying ex- 
ternal electrolytic corrosion; (2) use 
of this instrument to determine the 
quantity of protective current re- 
quired to prevent corrosion of cas- 
ing; and (3) problem of accelerated 
external corrosion of the oil string 
at the base of the surface string. 


ELECTROCHEMICAL 
MECHANISM OF CORROSION 


It is generally believed that one 
major cause of external corrosion is 
the existence of electrolytic cells op- 
erating between various formation 
waters. A theoretical discussion of 


‘References given at end of paper. 

Manuscript received in Petroleum Branch 
office on Aug. 26, 1954. Paper presented at 
Petroleum Branch Fall Meeting in San An- 
tonio, Oct. 17-20, 1954. 
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the role of earth potentials in cas- 
ing corrosion has been presented by 
L. de Witte and F. J. Radd.’ 


A brief picture of the electrolytic 
corrosion action between two differ- 
ent formations (A and B) is presented 
in Fig. 1. This picture is a review to 
many but is given to insure clarity. 
In the anode area, oxidation takes 
place as iron ions go into solution 
in formation A as a product of cor- 
rosion. In the cathode area, reduc- 
tion takes place and hydrogen atoms 
are formed at the boundary between 
the pipe and formation B. The flow 
of electrons, as indicated, is into the 
pipe at the anode or corroding area 
and out of the pipe into the forma- 
tion at the cathode. In order to con- 
form with regulations of this journal, 
the flow of a conventional current (/) 
is also indicated in this sketch. All 
subsequent references will be to this 
so-called conventional current flow 
and will be indicated by the symbol 
(1). As this action takes place the 
layer of hydrogen developed on the 
cathode offers a resistance to the 
flow of current in the cell. It is said 
that the cathode has been polarized. 


This polarizing film can be re- 
moved by addition of a so-called de- 
polarizing agent which reacts with 
and removes this hydrogen film. Such 
an agent must be present in order 
for this corrosion reaction to go at 
a rate sufficient to cause a severe 
corrosion problem. The two com- 
mon depolarizing agents are: (1) oxy- 
gen, which readily reacts with hydro- 


gen to form water, and (2) certain 
bacteria which use atomic hydrogen 
as part of their life process. It is not 
difficult to explain the presence of 
these agents. Oxygen may be pres- 
ent in some very shallow formations. 
Sulfate reducing bacteria are found 
to exist in nearly any ground where 
mud pits might be dug. 


THE CASING POTENTIAL 
PROFILE 


INSTRUMENTATION 


A sketch of the equipment* used 
in determining casing potential pro- 
files is shown in Fig. 2. The tool is 
run in the hole using a hoist truck 
with a three-conductor cable. This 
tool must be run with tubing and 
rods out of the hole and should be 
run with the flow line disconnected. 
By proper choice of electrode size it 
can be run in any size casing. The 
electrodes must be run in an open 
hole or a hole filled with oil. Meas- 
urements cannot be made while im- 
mersed in water. 

The tungsten carbide-tipped knives 
serve as the electrical probes and are 
spaced 25 ft apart. The potential 
difference along a 25-ft section of 
casing is measured with a potentio- 
meter to an accuracy of about 5 mv. 
Current flowing in the pipe can then 


*Acknowledgment: The equipment used in 
this work was developed and built by Stano- 
lind Oil and Gas Co. We wish to thank them 
for the use of this equipment. 
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be calculated, provided the resist- 
ance of the casing is known. 


INTERPRETATION OF RESULTS 


A plot of these potential differ- 
ences vs depth of the well has been 
designated as a casing potential pro- 
file. Since the pipe is of essentially 
constant resistance, the potential pro- 
file is the same shape as a plot of 
current vs depth. A sketch of a typi- 
cal casing potential profile is shown 
in Fig. 3. 
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Analysis of this curve shows the 
curve sloping upward to the right in 
area A where current enters the 
pipe. According to Fig. 1, this is a 
cathode area. In area B, no current 
is entering or leaving the pipe. Thus 
the curve has no slope. In area C. 
current leaves the pipe to form an 
anodic or corrosive area. This is 
noted by a slope upward to the left. 
Area D is another cathode area. It is 
important to note that the direction 
of current flow in the pipe is not 
important. The important fact is 
the rate at which current enters or 
leaves the pipe. This is shown by the 
slope of the potential profile. 


FIELD STUDIES USING 
POTENTIAL, PROEIEES 


CORROSION DEFINED BY PROFILES 
IN Four FIELDS 


The casing corrosion problem in 
four fields was studied during 1954. 
Several wells were selected from 
each field in order to get a good 
picture. A series of profiles for one 
well in each field have been selected 
for this paper. These can be briefly 
presented: 


NORTHWEST BURNETT FIELD, ELLIS 
COUNTY, KAN. 

Fig. 4 shows the profiles for a well 
in Western Kansas. The profile taken 
with no current applied shows an 
anode slope in the region 900 ft to 
1,400 ft. This is approximately the 
depth of the Dakota Sand in this 
area. It is noted that two previous 
failures in this well at 900 ft and 
1,010 ft are within this zone defined 
as corrosive by the profiles. All the 
casing corrosion failures in this area 
have been within this Dakota zone 
and occur some 10-15 years after 
completion of the wells. 


DRISCOLL FIELD, DUVAL COUNTY, 


40) 


In Fig. 5 an anode area is noted 
from 500 ft to 900 ft. This corre- 
sponds to the hydrogen sulfide-con- 
taining Oakville Sand in this area. 
All failures in this field have been 
in this range of depths. These fail- 
ures have started occurring about 12 
years after completion of the wells. 


RINCON FIELD, STARR COUNTY, TEX. 


In Fig. 6 an anode area is noted 
from 1,000 ft to 2,400 ft. Accord- 
ing to available electric logs, there 
are a number of water zones in this 
area. Casing from two wells has been 
examined and a severe casing cor- 
rosion problem noted in both wells. 
Several casing failures have recently 
been experienced in this range of 
depths in Rincon wells. 


SAN MIGUELITO FIELD, VENTURA 
COUNTY, CALIF. 

In Fig. 7, a very long anode slop< 
is noted from 2,500-4,600 ft. From 
electric log data, it appears that a 
large number of water zones have 
contributed to this long smooth 
anode area. 

The casing from this well was re- 
covered to a depth of 5,200 ft. It 
was found that there were 17 holes 
in the depth interval 3,200-3,700 ft 
and one hole at 4,400 ft. Severe pit 
type corrosion was found in the in- 
terval 2,200-4,600 ft. This is approx- 
imately that interval defined as cor- 
rosive by the profile. There was also 
a much less severe smooth corrosion 
in the area 1,000-2,200 ft and 4,600- 
5,200 ft which were not shown to be 
anodic by the profile. The one disap- 
pointing thing was that the profile 
did not predict the extremely severe 
corrosion occurring in the interval 
3,200-3,700 ft where 16 of 17 holes 
were observed. However, it was felt 
that the qualitative correlation was 
not bad. 

From the above tests described 
in four widely varying fields, the cas- 
ing profile has shown electrolytic 
corrosion to be a major factor in all 
four fields. 


CATHODIC CURRENT FOR 
PROTECTION OF CASING 


The amount of current required to 
completely remove all the anode 
areas was determined by running a 
series of profiles with varying 
amounts of protective (or cathodic) 
current applied to the casing. Fig. 8 
is used to describe the system used. 
Current from an external power 
source is put into the pipe at point 
A by flowing through the ground 
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from two carbon anodes (4 in by 5 
ft) buried about 100 ft from the 
wellhead. Thus the entire pipe has 
been made the cathode and is not 
subject to corrosion. The potential 
profile of a well fully protected would 
be, as pictured in Fig. 8, a gradual 
slope upwards to the right. 


CURRENT REQUIRED 


Looking again at Figs. 4, 5, 6, and 
7, the amounts of current required 
can be easily seen. Actually, profiles 
were determined at several currents 
for each well. Only the profiles using 
the current required to barely remove 
all anode areas are shown in these 
figures. It is seen that a current input 
of 3 amps was sufficient to remove 
all the anode areas to depths up to 
4,400 ft in each well being discussed. 
No anode areas were found deeper 
than this in wells tested. However, 
in one California well it was shown 
that current actually went to depths 
of 8,700 ft when a current of 7.5 
amps was applied. It is believed that 
it would have been possible to re- 
move anode areas to this depth if 
they had been present. 


DISTRIBUTION OF CURRENT ON CASING 


It is believed that current applied 
to the casing enters the pipe at vari- 
ous intervals to considerable depths. 
As mentioned above protective cur- 
rent flow was measured to depths of 
up to 8,700 ft. Calculations based 
on the profiles can be used to show 
the approximate distribution of cur- 
rent for wells where profiles have 
been run. These calculations have 
been made in Fig. 9 for one Kansas 
well. Currents were calculated over 
each 25-ft interval of casing. An 
ohmic resistance of 500 micro-ohms 
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was assumed for each 25-ft section 
of casing using this value and poten- 
tial drop as measured. A total of 2.2 
amps were introduced to the well. It 
entered the casing at various inter- 
vals to the depth to which measure- 
ments were made. 

A total of 1.5 amps entered the 
system as protective current for the 
casing below the surface pipe. The 
remaining 0.7 amp entered the sur- 
face pipe itself. It is further seen 
that only 0.6 amp traveled back to 
the rectifier by way of the casing. 
This means that 0.9 amp of current 
transferred to the surface pipe from 
the casing. This plus the 0.7 amp 
entering the surface pipe from the 
soil means that 1.6 amps are de- 
livered back to the rectifier system 
through the surface pipe. In sum- 
mary it is seen that 1.5 amps are 
giving cathodic protection to the cas- 
ing and 0.7 amp giving protection 
to the surface pipe with 0.9 amp 
transferring at the base of the surface 
pipe. 


EFFECT OF TIME ON CURRENT 
REQUIREMENTS 


The potential profiles are almost 
certain to shift after long periods of 
current applications. This shift was 
shown to be small in Kansas wells 
where depths of less than 1,500 ft 
were involved. In deeper California 
wells this shift was appreciable after 
several days. In all cases, the shift 
was such that there was a decrease 
in the current required for removal 
of all the anodic areas. This is due in 
part to a slow build-up of the po- 
larizing film of hydrogen discussed 
earlier. In addition, there is an ap- 
preciable pH increase in the imme- 
diate vicinity of the cathodic pipe. 
This results in precipitation of pro- 
tective films of salts such as CaCO,. 
This film effectively reduces the total 
area of pipe to be protected. 

In the casing recovered from the 
California well an incomplete, thin 
film of calcium carbonate was found 
to depths of 5,200 ft. This was 
thought to be a result of cathodic 
protection applied for six months. 


ACCELERATED CORROSION 
AT THE BASE OF 
THE SURFACE PIPE 


EVIDENCE OF 
ACCELERATED CORROSION 


Examination of all the profiles of 
wells with current applied showed a 
very sharp break in the curve at the 
depth of the base of the surface pipe. 
If our original analysis of the curve 
is correct, the curve indicates a very 
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severe anodic or corrosive area at this 
depth. The possibility of this prob- 
lem was recognized as early as 1951 
in a paper’ by Doig and Wachter of 
Shell. However, later workers have 
not felt that this is a severe problem. 

A brief sketch (Fig. 10) shows 
clearly the effect causing this break 
in the profile. The total current (J/,) 
at the base of the oil string has a 
choice of going to the surface by 
way of either the casing (/,) or the 
surface pipe (J/.). Since the surface 
pipe is more conductive than the 
casing, it has been calculated that 
about two-thirds of the current goes 
by way of the surface pipe. At the 
base of the surface pipe current /, 
leaves the casing and enters the sur- 
face with a resultant severe corrosion 
on the casing. 

A laboratory model of this system 
was set up. A severe etching of the 
inner pipe at the base of the outer 
pipe was noted after only 24 hours. 

It is believed that the profile and 
laboratory data indicate that a seri- 
ous attack on the oil string is initi- 
ated when a well is placed under 
cathodic protection. To get further 
proof, 5 amps current were left on 
one well for six months. 

This was the California well dis- 
cussed in Fig. 7. When the casing 
from this well was recovered the 
section in the vicinity of the surface 
pipe was carefully examined. Large 
areas of a mild corrosion attack were 
noted on the casing for about 20 ft 
above and below the base of the 
surface pipe. A section of this casing 
is pictured in Fig. 11. The maximum 
depth of penetration was about 20 
mils. The corrosion product was 
identified as Fe,0,-H,0. This type 
corrosion was not found at any 
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other location on the 5,200 ft of pipe 
recovered. It seems very likely that 
the effect noted in this well is due to 
current transfer at this point. How- 
ever it is not of sufficient severity 
to give failures in less than five to 
10 years. The severity is, of course, 
a function of the current transfer at 
the base of the surface pipe. In this 
time the problem can be more clearly 
defined and adequate preventative 
measures can be taken before dam- 
age results. To further check this 
phenomenon it is hoped that other 
casing can be recovered after being 
cathodically protected. 


POSSIBLE MEANS OF PREVENTING 
ACCELERATED CORROSION 


Several possible means of prevent- 
ing this corrosion have been sug- 
gested. Some of these are listed and 
briefly discussed below. 

1. A metallic bond between the 
base of the surface pipe and the oil 
string should provide a metallic path 
for the current and thereby eliminate 
the new problem. A means of pro- 
viding a connection on old wells is 
not visualized, but it is believed that 
placing a centralizer at this point on 
new wells should provide this bond. 
This has been done in several wells. 


2. The placing of an insulator be- 
tween the oil string and surface pipe 
should prevent the current transfer 
to the surface pipe from the oil 
string. This non-electrolyte, perhaps 
some oil base material, would have 
to be maintained at least a few feet 
below the base of the surface pipe. 
This is probably not a practical thing 
to do. 


3. If the current can be removed 
from the casing at the base of the 
surface pipe, all the pipe above this 
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would effectively be bypassed. This 
could be done by means of an insu- 
lated wire run in with the tubing or 
by insulating the tubing and using it 
as a conductor. 

The ideas listed are being tested in 
the laboratory and in the field. It is 
believed that the problem of the sur- 
face pipe can be resolved and should 
not rule out cathodic protection as a 
means of preventing external casing 
corrosion. 


ClOINTS TOES 


1. Casing potential profiles were 
effective in showing the extent and 
magnitude of external, electrolytic 
casing corrosion in four fields. 


2. Casing potential profiles were 
used to show that 1 to 5 amps cath- 
odic current were required to remove 
all gross anode areas to depths of 
6,000 ft in the wells studied. 


3. Application of cathodic protec- 
tion was shown to cause an acceler- 
ated attack on the oil string opposite 
the base of the surface pipe. How- 
ever, this problem is not of sufficient 
severity to prevent the use of cath- 
odic protection. 

4. Cathodic protection apparently 
will give a very effective and eco- 
nomical means of combatting the 
problem of external corrosion of 
casing. 
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ANALYSIS of PRESSURE FALL-OFF CURVES OBTAINED 
in WATER INJECTION WELLS to DETERMINE 
INJECTIVE CAPACITY and FORMATION DAMAGE 
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The paper presents a practical method of utilizing 
pressure fall-off data obtained when a water injection 
well is shut in for determination of: (1) the static reser- 
voir pressure, (2) the potential water injective capacity 
(md-ft) of the formation, and (3) the formation damage 
(skin effect) surrounding the wellbore. In the develop- 
ment of the method, equations are presented which give 
the theoretical background for predicting the behavior 
of water injection wells. Certain physical factors which 
limit the application of the method are discussed. The 
procedure and the relevant precautions in obtaining the 
data are discussed. A sample analysis and computation 
from an actual pressure fall-off curve is illustrated. Fin- 
ally, general characteristics of pressure fall-off curves 
obtained in several reservoirs are presented. 


Theoretically, in an injection well the flow of water 
into the formation will continue as long as the sand-face 
pressure is greater than the reservoir pressure. However, 
in practice, engineers have observed that upon stopping 
injection and opening the wellhead to atmospheric pres- 
sure, some wells backflow water for time intervals rang- 
ing from several seconds to several hours although the 
sand-face pressure, as calculated from the hydrostatic 
head, is considerably greater than the static reservoir 
pressure. Further, field observations indicated that upon 
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shutting in a water input well, the wellhead pressure 
does not drop off immediately, but a pressure decline 
occurs lasting from several seconds to several days. 
These observations make it evident that when an input 
well is shut in, a residual pressure lingers in the vicinity 
of the wellbore which is greater than the average reser- 
voir pressure. This residual pressure declines first rap- 
idly, then more slowly, to the static reservoir pressure; 
therefore, it is called transient back-pressure or pressure 
fall-off. 

The first step in investigating the mechanism of pres- 
sure fall-off is to establish what general conditions are 
necessary for its occurrence, and to this end, Dickey 
and Andresen’ have presented a qualitative explanation 
describing the mechanism. They point out that the for- 
mation pressure gradient in the vicinity of the well does 
not disappear immediately when the input well is shut 
in, as if the system were filled with a totally incompres- 
sible fluid, but it is maintained by the expansion of the 
compressible fluids and by the elasticity of the forma- 
tion. In such a compressible system the decrease in pres- 
sure is possible only to the extent that the water front 
continues to advance until the pressure is equalized. 

The principal aim of this paper is three-fold; namely, 
(1) to present a theoretical quantitative analysis of pres- 
sure fall-off data, (2) to present an application of the 
developed theory to field data, and (3) to discuss the 
general characteristics of actual pressure fall-off curves. 
Under (1), theoretical equations dealing with such fac- 
tors as compressibility of the fluid-reservoir system, mo- 
bility of the fluids and certain physical restrictions that 


‘References given at end of paper. 
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tend to limit the applicability of the equations to field 
data will be discussed. Under (2), analysis of an actual 
pressure fall-off curve in terms of the static reservoir 
pressure, the injective capacity of the formation, and the 
formation damage or the skin effect will be presented. 
The injective capacity is defined as the product of the 
effective water permeability of the reservoir in milli- 
darcys and the net sand thickness of the reservoir in 
feet. Formation damage, or as it is appropriately re- 
ferred to by Van Everdingen’ and by Hurst* as the skin 
effect, refers to that portion of the formation in the 
immediate vicinity of the wellbore, the permeability of 
which has been altered by the well completion proce- 
dure or subsequent events so that a substantial differ- 
ence exists between its permeability and that of the for- 
mation as a whole. Finally, under (3), the general char- 
acteristics of actual fall-off curves will be illustrated. 


The mathematical analysis of pressure fall-off curves 
involves consideration of two distinct processes: (1) 
the pressure rise during water injection, and (2) the 
pressure decline during subsequent shut-in. In the first, 
the pressure will rise analogously to the lowering of 
pressure in oil producing wells. In the second, the pres- 
sure decline is analogous to pressure build-up in an oil 
producing well. Therefore, the fluid flow equations 
which have been developed for producing wells are also 
applicable to injection wells, providing suitable modifi- 
cations are made for the differences in the direction of 
flow and in the physical properties of the fluids. 


The mathematical presentation for the two processes 
occurring in an input well, which are studied separately 
below, are adaptations of the formulae developed by 
Theis’ and by Horner’ for producing wells. The for- 
mulae were derived on the concept of “point-source” 
solution. As will be evident later, they do not involve 
complicated integrals and Bessell functions which are 
frequently encountered in transient problems and which 
are difficult to use. 


PRESSURE RISE DURING INJECTION 


The theoretical rise in pressure P, at radial distance r 
from an input well caused by injecting water at constant 
rate Q into an extensive reservoir of uniform thickness 
and permeability is given by Equation 1*°: 


70.6 Q Fu UU 
(1) 
948.2 rfuc 


kt 


[—Ei(—U)] = Symbol for an exponential integral 
whose values are positive in sign and 
are tabulated in the literature’, or 
whose values can be calculated by the 
above converging series.* 


The apparent value of Equation 1 is that it gives part 
of the theoretical background for predicting the behav- 
ior of water input wells. Perhaps the paramount value 
of Equation 1 is that the Ei function possesses, as will 


*See Nomenclature for explanation of other terms. 


be discussed, a unique behavior which leads to the deri- 
vation of greatly simplified formulae for calculating kh, 
P., injection pressure P,_,, and skin effect. 


For small values of or compared to the value of 


k 


948.2 fuc 
the first two terms in the series in Equation 1 may be 


U will be so small that the series following 


neglected. Thus, where values of > are relatively small, 


e.g., when r is equal to the wellbore radius r,,, Equation 
| may be approximated as shown in Equation 2°: 
70.6 O Fu l 
— ) — 0.5772 
= Eh ) 0.57 
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The approximation is acceptable when U is less than 
0.02. Converting to the logarithm to the base 10 (desig- 


nated as log), Equation 2 can be rewritten in either of 
two useful forms, Equation 3 or 4: 
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The only variables in these equations are the pressure 
P., the distance r, and the time f. 


When ¢ is constant, Equation 3 will be the equation 
of a straight-line plot of P, against log r. In this form, 
Equation 3 can be used to calculate the variation of 
pressure with distance from the wellbore for a given 
injection time and constant injection rate. However, for 
very large values of r, or if it is desired to calculate the 
effective pressured radius, the more precise method, 
Equation 1, should be used. For example, plot of P, vs 
log r using Equation 1 will give a straight-line curve 
that coincides with the straight-line curve as calculated 
by Equation 3 for a limited range away from the well- 
bore. Then a point of deflection will occur and the 
curve from Equation | will approach asymptotically the 
static reservoir pressure. The point of deflection can be 
used to calculate, for all practical purposes, the effective 
pressured radius. 


Equation 4 can be used to predict the variation in the 
theoretical injection pressure in the wellbore as a func- 
tion of the injection time for a given constant injection 
rate. For example, whenr = r, and P, = P,_ straight- 
line plots of P,,, (the injection pressure) vs log ¢t can 
be obtained for each chosen constant injection rate. 

In both Equations 3 and 4, the slope of the straight- 
line plot is represented by the quantity on the outside of 
the brackets. Usually the unknown factors occurring in 
the slope of the line are & and h. Theoretically, it is pos- 
sible to estimate the product kh, the injective capacity 
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of the reservoir, by plotting the observed injection pres- 
sure P, against log ¢ and evaluating the slope of the re- 
sulting straight line (Equation 4) to calculate kh. 

In the subsequent section it will be evident that the 
values of kh and static reservoir pressure P, can be 
more readily derived from pressure fall-off data. Then 
the derived values can be inserted into Equation 4 to 
calculate the theoretical injection pressure. Comparison 
of the theoretical injection pressure with the observed 
injection pressure provides a measure of the skin effect. 
This approach is similar to those of Van Everdingen’, 
of Thomas’, and of Hurst’. 


PRESSURE FALL-OFF DURING SHUT IN 

A mathematical approach similar to the one above 
will be applied to the analysis of pressure fall-off curves. 
When an input well is shut in (after being on injection 
at a constant rate Q for time t), the pressure P, at radial 
distance r from the well will decline with shut-in time 
according to Equation 5**: 


where: 6 = time elapsed since closing the well, hour. 


As in the preceding section, for small values of its 
argument the Ei function may be closely approximated 
by a logarithmic function. In most cases where r = ry, 
after the first few seconds of shut-in time, the argument 
is sufficiently small to validate the approximation. This 
procedure gives the simplified Equation 6: 


162.5 O Fu t+ 8 


where: log = logarithm to the base 10. 


In actual practice, normally the injection rate is not 
held constant over the injection history up to the time ¢ 
of shut in. However, sufficient precision is obtained by 
substituting in Equation 6 the stabilized injection rate 
Q, for Q prior to shut in and the psuedo-injection time 
t, for t, where ¢, is equal to cumulative volume of 
water injected divided by the stabilized rate Q, and 
then converted to the same time unit as is used for 6. 
Applying the substitution, Equation 6 is rewritten as 
Equation 7: 


CO) 


1.+ 8 


c 
8 
scale against P, on a linear scale, a straight line is ob- 


which the effective injection capacity kh can be calcu- 
lated. Extension of the straight line to infinite shut-in 

8 
static reservoir pressure P, for a reservoir that behaves 
as if it were infinite in size. 

In making the above plot, it is easier to visualize the 
pressure fall-off process by plotting the reciprocal of the 


Theoretically, when is plotted on a logarithmic 


tained, the slope of which is equal to 


time, = 10° = 1, gives the value of the average 


time ratio or against P, so that the pressure is 


shown decreasing with increase in shut-in time. 
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PHYSICAL LIMITATIONS 


Theoretically, the foregoing equations apply to the 
following imposed well-fluid-reservoir assumptions: that 
a single well of infinitesimal diameter penetrates the en- 
tire thickness of the reservoir and, during injection, is 
charging the reservoir continuously at a constant rate, 
that only a single fluid is flowing; that the reservoir is 
homogeneous, of infinite areal extent, wherein the per- 
meability is constant at all times and places. 


These theoretical restrictions have varying degrees of 
importance in practice. Generally it is evident from the 
literature that many of the major performance charac- 
teristics of oil reservoirs can be described in at least 
semi-quantitative fashion by assumptions of substantial 
uniformity. Specifically, most of the physical limitations 
can be handled by incorporating suitable additions and 
modifications in the equations; or by choosing suitable 
portions of data which predominantly reflect the be- 
havior in the region of the reservoir under investigation; 
or by procuring data in the early part of the injection 
history. 

The restrictions imposed by the assumptions with re- 
spect to the well are not usually serious in practice. For 
example, the variation in the injection rate can be cor- 
rected for by breaking up the injection history into inter- 
vals for which the respective rates are constant’; how- 
ever, in most cases, such precision is unwarranted. The 
effect of a well failing to penetrate the entire reservoir 
thickness is apparently negligible in most cases. The size 
of the wellbore diameter is also negligible’. 

The restriction that single phase fluid is flowing offers 
fewer uncertainties with respect to input well, as com- 
pared with its application to oil producing wells. If the 
fluid mobility and compressibility are considerably dif- 
ferent ahead of the flood front, then those in the wa- 
tered-out region, a change in the shape of the pressure 
fall-off curve should be observed in the latter stages of 
the shut-in time. 

The restrictions on the application to the reservoir 
brought about by the assumptions are of more serious 
nature than those imposed on the well-fluid system; 
however, if adequate precautions are observed the com- 
putations will not be vitiated by the heterogeneity or 
size of the reservoir. For example, the effect of boun- 
daries can be considered by more elaborate analyses’, 
once they are located. Usually if the data are obtained 
during early injection history, the reservoir will behave 
as if it were infinite in size. The effect of other wells in 
the reservoir on the input well can be considered by 
a technique developed for producing wells, using the 
concept of superposition’. The effect of heterogeneity in 
permeability (lateral and vertical) can hardly be fore- 
told, but in many cases apparently a dynamic averaging 
process occurs that makes the reservoir behave as if it 
possessed a high degree of homogeneity. It is believed 
that the most serious difficulty in analyzing pressure fall- 
off data occurs in reservoirs composed of several strata 
of widely different permeabilities, wherein the strata are 
separated by impermeable laminae. This problem is not 
treated analytically in this paper. 

In addition to the above factors which tend to limit 
the application of the equations, two other factors which 
are inherently operational will be mentioned: (1) the 
after-injection effect, and (2) the skin effect. Both fac- 
tors have been discussed by other writers for the anal- 
ogous conditions existing in oil producing wells®*. Be- 
cause the conditions giving rise to the factors occur in 
the wellbore region, they affect the shape of the pressure 
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fall-off curve in the early portion of the shut-in time. 
These effects cause deviations from linearity of the 
curve plotted according to Equation 7 and, as will be 
shown in the subsequent section, must be taken into 
consideration in order that the correct sections of the 
pressure fall-off curve may be used in making the anal- 
ysis. The duration of both effects can be estimated by 
the method of Miller, Dyes, and Hutchinson”. 


LO UNS 


As part of research to study the behavior of water 
injection wells, pressure fall-off data were obtained on 
a number of wells. This section records the preliminary 
findings of the study. 


MEASUREMENT OF PRESSURE FALL-OFF 


For wells which when shut in display at the wellhead 
positive pressure over sufficient periods of time to reflect 
the effects of the reservoir in the majority of the pres- 
sured area away from the well, the pressure fall-off may 
be measured by a calibrated Bourdon gage. 


When the rate of decline of wellhead pressure is too 
rapid, it is necessary to record the data with a bottom- 
hole pressure gage. In this case, the pressure gage is 
lowered through a lubricator to datum depth while in- 
jecting in order not to disturb the stabilization period, 
and then the well is shut in. Before shutting-in, it is 
recommended that the stabilization, consisting of con- 
tinuous injection at constant rate, should be a minimum 
of one week. 


ANALYSIS AND COMPUTATIONS OF PRESSURE 
FALL-OFF CURVES 


It will be recalled that a number of reasons were 
pointed out in the theoretical section why the observed 
pressure fall-off data does not plot as a straight line on 
semi-log paper as is mathematically stipulated in Equa- 
tion 7. It was also pointed out that presumably the in- 
fluence of most factors which cause departure from lin- 
earity varies from well to well and occurs over different 
and over limited ranges of the shut-in period. Hence, 
the observed pressure fall-off curve selected to illustrate 
the analysis and computations below is not to be con- 
sidered typical of the curves usually obtained in prac- 
tice. It is, as will be evident later, a sort of idealized 


curve, but its shape will facilitate an appreciation of the 
salient features of the behavior observed in all cases. 

In Fig. 1, data are shown in the form of three curves 
for a California well A-1, field A. Curve 1 is the ob- 
served pressure build-up; curve 2 is the observed pres- 
sure fall-off; and curve 3 is the calculated theoretical 
pressure fall-off. This well had a unique operational his- 
tory, in that originally it was a producer at which time 
curve 1 was obtained, and later it was an injector at 
which time curve 2 was obtained. The well was com- 
pleted 400 ft from the nearest well in a watered-out area 
of an oil reservoir and came in and remained a water 
producer (100 per cent cut) for a period of two months. 
Then it was reconditioned and converted to an injector. 

Because curves 1 and 2 represent analogous pro- 
cesses, the analysis and computations will be applied to 
each. For the purpose of analysis, each curve is split 
into sections I, II and III, as designated in Fig. 1. The 
first few seconds of shut-in occur in section I. For this 
section, Equation 5 is more applicable than Equation 7; 
however, neither equation rigorously holds in section I 
because each is based on the concept of a point sink. 
Usually this section is not recorded in most pressure 
surveys, but if recorded it can be used to estimate the 
producing or the injection pressure prior to shut-in. 
Section IJ may extend from several seconds to several 
hours in length and reflects predominantly for curve 1 
the effects of skin and after-production, and for curve 2 
it reflects the effect of skin (the effect of “after-injec- 
tion” is negligible because the data were obtained at the 
wellhead while the wellbore was completely filled with 
water). Section III extends over the latter period of 
shut-in and reflects for curves 1 and 2 the behavior of 
the reservoir. Section III, therefore, is used for the com- 
putation of static reservoir pressure, and injective ca- 
pacity. 

The average static reservoir pressure P, for a reser- 
voir behaving as if it were of infinite extent is obtained 
by extending section III of either curve to infinite shut- 
in time (value of 10° on the abscissa scale). In this 
way, for each curve the static reservoir pressure, as 
shown in Fig. 1, is estimated as 2,370 psia. 

The productive or the injective capacity kh of the 
reservoir is computed from the slope of section III. The 
numerical value for the slope can readily be obtained by 
taking the difference in the pressure values over one loga- 
rithmic cycle. In this manner, the slopes were read for 
curve 1 as 175 and for curve 2 as 275. From Equation 


JP 
7 the slope is equal to ee The calculation of 
values of kh obtained from the slopes are shown below. 
162.5 O Fu 
(slope) 


For curve 1 
(162.5) (263 B/D).(1.02).(0:35 


87.2 
kh 75 
For curve 2 
(162.5) (684 B/D) (1.00) (0.35 cp) _ 


DIS) 

Thus the value of kh is greater for the reservoir dur- 
ing the injection operations than during the production 
operations. Apparently this indicates a change in effec- 
tive water permeability in the watered-out region. 

The difference between the observed injection pres- 
sure and the theoretical injection pressure is a measure 
of the skin effect. A positive difference indicates the 


99 


+4185, 
| | 
= | 
| 
L SECTION 
7 | 
| 
| 
- | 
VOL. 204, 1955 = 


pressure drop that is consumed in overcoming the skin. 
A negative difference would indicate higher permeabil- 
ity in the wellbere vicinity than in the reservoir. An 
example of the calculation of skin effect at the time of 
shut-in for curves | and 2 is illustrated below. Equation 
4 was used to calculate the theoretical pressures (change 
sign of right hand member of the equation when calcu- 
lating the flowing pressure P,.). Symbols and their 


units are listed in the Nomenclature section. 


Status of Well Producer Injector 
P, (from curve 2,370 psia 2,370 psia 
1 or 2) 
Q, 263 B/D 684 B/D 
F 1.02 1.00 
kh (from curve 87.2 md-ft 141.4 md-ft 
1 or 2) 
h (from electric 108 ft 108 ft 
log) 
k 0.81 md 
he 0.411 ft 0.411 
f (core analysis) 0.22 0.22 
be 0.35 cp 0.35 cp 
989 hr 622i 
Equation 4) 
(from 1,256 psi 
Equation 4) 
P, (observed) 78 psia ces 
P, (observed) WE: 4,185 psia 


Skin during production = P,,, — P: = 1,178 psi 
Skin during injection = P; — P,,, = 62 psi 


The skin effect was considerably greater during pro- 
duction than during injection. Apparently the skin 
effect which prevailed during production has been over- 
come by the conditioning operations used in converting 
the well to injection and possibly by the injection opera- 
tions. On the basis of the foregoing analysis, it was 
demonstrated that well A-1 is taking water at approxi- 
mately maximum rate at prevailing injection pressures, 
and any remedial work designed to increase the rate at 
this time is not necessary. 

In making the foregoing calculations, a question may 
arise as to the source of the numerical values of such 
parameters appearing in Equation 4 as the net sand 
thickness h, the porosity f, and the compressibility of 
the fluid-reservoir system c. All of these parameters 
enter directly or indirectly into the last logarithmic term 
of Equation 4. Hence, considerable latitude in their 
values can exist before noticeable effects are observed in 
the calculated value of P,,,. The value of h must be 


known to calculate the effective water permeability. It 
is usually obtained from an electric log or preferably 
from an injectivity profile. The value of f is obtained 
from core analysis. The value of c includes the com- 
pressibility of water, oil, gas, and the reservoir rock. At 
best it can only be approximated. For example, for well 
A-1 it was established from material balance calcula- 
tions that no free gas saturation is present in the forma- 
tion. Then the compressibility is equal to c = Sycy + 
SoCo + cy = 1.59 X 10° psi”, where S,, and S, are the 
water and oil saturations equal to 70 and 30 per cent, 
respectively, and where c,, and c, are the coefficients of 
compressibility of water and oil equal to 0.33 xX 10° 
psi” and 1.55 X 10°°psi”, respectively. The value of the 
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rock compressibility was obtained from laboratory stud- 
ies On cores under conditions wherein the overburden 
pressure was varied on the core while maintaining static 
reservoir pressure in the pores of the core. The com- 
pressibility was found to be equal to 0.9 * 10° psi™ or 
about three times as great as the compressibilty of water. 

It is of interest to note that by using the numerical 
values listed above, a theoretical pressure fall-off curve 
can be calculated from the precise Equation 5. This has 
been done for well A-1 to determine how closely the 
curve, calculated from physical data obtained from sev- 
eral sources, approaches the observed curve and to es- 
tablish the minimum shut-in time at which the approxi- 
mate Equation 7 gives the same value of P,_ as that 


obtained by the precise Equation 5. In Fig. 1, curve 3 
is the calculated curve from Equation 5. It coincides 
with the section III of the observed curve, but it does 
not contain a section that is equivalent to section II of 
the observed curve because the skin effect is not analyti- 
cally defined by the equation. From the point of deflec- 
tion of the curve it is evident that for shut-in times 
greater than 10 seconds the curve assumes a straight 
line that coincides with the straight line as predicted by 
Equation 7. 


GENERAL CHARACTERISTICS OF PRESSURE 
FALL-OFF CURVES 


In Fig. 2, curves 1, 2 and 3 illustrate the variation in 
the shape of the wellhead pressure fall-off during the 
injection history for well A-1, field A. The curves were 
obtained at two-month periods during which the injec- 
tion rate was held approximately constant. It will be 
observed that the injection pressure increased with time; 
hence, the curve for each succeeding period is displaced 
upward from the preceding one; however, the later 
shut-in portion of the curves fall on the same line. Anal- 
ysis of the early shut-in portion of the curves reveals 
that the observed increases in the injection pressures 
were greater than those theoretically predicted. Appar- 
ently gradual plugging of the formation face by the 
materials in the injection water was occurring with time. 
Analysis of the latter shut-in portion of the curves re- 
veals that insufficient volume of water was injected to 
cause noticeable increase in static reservoir pressure. 
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Fic, 2 — PRESSURE FALL-OFF PERFORMANCE OF WELLS 
A-1, A-2, A-3, FrELD A. WELL A-3 Is SEPARATED BY A 
FAULT FROM WELLS A-1 AND A-2. 
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Fic. 3—-WELLHEAD PRESSURE FALL-OFF PERFORMANCE 

OF FouR WELLS IN A Five-SpoT PATTERN, FIELD B. 

REMARKABLE UNIFORMITY IN THE STRATIGRAPHIC SEC- 

TIONS Exists AMONG THE WELLS 


Also illustrated in Fig. 2 are the differences in the 
general characteristics of pressure fall-off curves ob- 
tained on three wells: well A-1, well A-2, and well A-3. 
These wells are completed in the same field and zone 
but in different portions and intervals of the zone. They 
are located in the peripheral region of the field and are 
completed in a thick zone which is comprised of inter- 
spersed sand, silt, and shale strata of varied oil, gas, and 
water productive capacities. There is some reason to be- 
lieve the portion of the zone in which well A-3 is com- 
pleted is separated by a fault from the same zone in 
which wells A-1 and A-2 are completed. Hence, the 
curve for well A-3 extrapolates to a different static pres- 
sure than that for the curve for well A-1. 

The curves for wells A-3 and A-1 (Fig. 2) illustrate 
the shape of pressure fall-off curves resulting from data 
obtained at the wellhead for shut-in periods lasting up 
to 10 hours. Curve 4 (Fig. 2) for well A-2 illustrates 
the shape of the pressure fall-off curve obtained at 
the datum depth with a bottom-hole pressure bomb for 
an 80-hour shut-in period. 

For interpretation purposes, curve 4 can be split 
into four general sections. The first section includes the 
interval from time of shut-in to the time (0.5 hour) at 
which the wellhead gage pressure dropped to zero 
(2,720 psia datum pressure). The rapid decline depicted 
in this section is believed to reflect the existence of a 
considerable skin effect. Apparently the biochemical 
reactions which occur in the wellbore contribute to the 
skin effect. The injection water at the wellhead is of 
good quality, but back circulation of the well produces 
dark water containing a slime composed principally of 
iron sulfide and bacteria. Section II of curve 4 com- 
prises the interval wherein both after-injection (falling 
fluid level in the wellbore) and skin effect occur. It ex- 
tends from 0.5 hour (2,720 psia) to 16 hours (2,300 
psia). Section III comprises the interval which pre- 
dominantly reflects the behavior of the reservoir in the 
majority of the pressured area away from the wellbore. 
This section of the curve, comprising the interval from 
16 hours to 60 hours (2,265 psia) when extended to 
infinite shut-in time, gives a static reservoir pressure 
which is lower than that for the curves of well A-1. The 
lower value for the static pressure in well A-2 is ex- 
pected, inasmuch as the well is completed in the upper 
portion of the zone, whereas well A-1 includes a sub- 
stantial portion of the lower zone as well. It will be 
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noted that at the end of section III a gradual pressure 
build-up occurs. This is believed to reflect the effect of 
interference from well A-1 which was under injection 
during the shut-in period of well A-2. 

In Fig. 3 are shown wellhead pressure fall-off curves 
obtained on four wells in a five-spot pattern in a Cali- 
fornia reservoir, designated here as field B. The reser- 
voir is characterized by a remarkable uniformity in the 
stratigraphic sections among the wells. The gross zonal 
interval is 160 ft thick, consisting of three oil bearing 
strata separated by shale bodies, wherein the areal uni- 
formity of the oil sand is excellent. All wells were com- 
pleted using clean field brine as the drilling fluid. The 
injection rates are maintained approximately equal for 
the four wells. Analysis of the curves indicates low 
permeability sand and negligible presence of the skin 
effect. 

In contrast to the data of Fig. 3, in Fig. 4 are 
shown wellhead pressure fall-off curves obtained on 
four wells in a five-spot pattern in a relatively thin 
reservoir, designated here as field C, wherein large 
lateral gradations of lithology and permeability exist. 
Wells C-2 and C-3 are completed in the area of the 
zone where a 4-ft thick stringer of 1,500 md air per- 
meability occurs at the bottom. The remainder of the 
zone has a permeability range of 0-150 md. Wells C-1 
and C-4 are completed in the area of the zone where 
the high permeability stringer is absent and the zonal 
permeability ranges from 0-150 md air permeability. 
Approximately equal injection rates are maintained 
on the four wells. The curves in the figure were ob- 
tained after one month of steady injection. It is evi- 
dent that for wells C-2 and C-3 the pressure declines 
more rapidly than for wells C-1 and C-4. Field sur- 
veys established that in each of the wells, the hole is 
filled with shale sloughings to about the midpoint of 
the zone. It is believed that the more pronounced pres- 
sure decline in wells C-2 and C-3 reflects the effect of 
skin caused by the shale fill over the high permeability 
stringer. The shut-in data are not of sufficient duration 
for the four wells to reflect adequately the conditions 
in the reservoir area around the wells. 
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From the mathematical analysis of pressure fall-off 
data obtained when a water input well is shut in, it 
has been demonstrated that the reservoir pressure, the 
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potential injective capacity of the formation, and the 
degree of formation damage in the immediate vicinity 
of the wellbore can be estimated. 

To obtain pressure fall-off data that is suitable for 
the analysis, the following precautions must be ob- 
served: (1) the well must be stabilized prior to shut- 
in by maintaining continuous and constant injection rate 
for a period of about one week or more; (2) upon clos- 
ing in the well, a positive shut-off must be obtained at 
the surface; and (3) the shut-in period must be of suf- 
ficient duration in order that a section of the pressure 
fall-off data will be obtained which predominantly re- 
flects the behavior of the reservoir in the majority of 
the pressured area away from the well. 

In the analysis of pressure fall-off curves, consider- 
able judgment must be exercised in choosing the cor- 
rect section of the curve from which the computations 
are to be made. For reservoirs which behave as if they 
were of infinite areal extent, this section is a straight- 
line curve obtained during the latter stages of shut-in 
time. 

Because the pressure fall-off curves can be interpreted 
in terms of the injective capacity and the formation 
damage, they can be used in investigating benefits that 
might be obtained through application of remedial 
measures. The resulting benefits of remedial measures 
are directly determinable. 

The analysis of pressure fall-off curves is based on 
several assumptions which tend to limit its general 
applicability. Notable among the assumptions are those 
pertaining to the infinite size of the reservoir and to 
the uniformity of the permeability in the reservoir. Data 
obtained in the early stages of the injection history will 
satisfy the assumption dealing with the size of the res- 
ervoir. It is believed that the analysis of pressure fall- 
off curves is applicable even to formations comprised 
of several sand strata of permeabilities ranging from 
tight sands to highly permeable sands. However, further 
testing in practice is required in order to determine 
the usefulness of the method and its limitations under 
various field conditions. 
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NOMENCLATURE 


c = coefficient of compressibility of the fluid- 
reservoir system, psi” 
c, = coefficient of compressibility of oil, psi” 
c, = coefficient of compressibility of rock, psi” 
Cw = Coefficient of compressibility of water, psi? 
the exponential integral function: 


© 
u 


x 

e = the exponential constant (2.718 - - -) 

F = formation volume factor, reservoir barrel per 
stock tank barrel 


102 


f = porosity, a fraction 
h = net thickness of formation, ft 
k = effective permeability of formation, md 
In = logarithm to base e 
log = logarithm to base 10 
P, = observed wellbore injection pressure, psia 
P, = observed wellbore production pressure, psia 
P, = formation pressure at point r from the well- 
bore axis, psia 
P,., = pressure in wellbore, psia 
P,_, = calculated flowing wellbore pressure, psia 
P  =calculated injection wellbore pressure, psia 


P, = static reservoir pressure, psia 
Q = rate of injection, assumed constant, B/D 


Q, = established injection rate before closing in 
the well, B/D 


r = distance from wellbore axis, ft 
ry = radius of wellbore, ft 
S, = oil saturation, a fraction 
S,, = water saturation, a fraction 


t = time (measured from time zero at moment 
of start of injection), hour 


t. = pseudo-time of injection, hour, defined by 
‘F total volume of water injected 

fe ~ Tate of injection just before shutting in 
U = argument of the Ei-function equal 
948.2 r° fuc 

kt 
5 = time elapsed since closing in the well, hour 
p. = viscosity, cp 
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A review is given of the principles on which recently 
proposed methods of electric log interpretation in shaly 
sands are based and of the evidence brought up in sup- 
port of the theoretical derivations. It is pointed out that 
the qualitative techniques suggested to date have a ten- 
dency to be too pessimistic in the prediction of the pres- 
ence of commercial hydrocarbon accumulations. 


In the quantitative treatment, a new concept is intro- 
duced, namely that of strongly reduced activity of the 
double layer counter ions which are present near the 
negatively charged rock surfaces. This lemma when 
applied to the calculation of the equilibrium concentra- 
tions of interstitial waters yields a set of very simple 
relations. The resulting expressions for electrochemical 
potentials across rock samples appear in satisfactory 
agreement with laboratory experiments. The formulae 
obtained for the electrical conductivity of shaly forma- 
tions are of the same form as those arrived at empiri- 
cally by previous workers. Combination of the expres- 
sions for potentials and conductivities gives a direct 
proof of the Tixier relation which states that for shaly 
water sands the product of apparent formation water 
resistivity and apparent formation factor equals the re- 
sistivity of the sand 100 per cent saturated with forma- 
tion water and which was verified by the work of Wyllie 
and Perkins and their co-workers. 


The relations for the resistivities and spontaneous po- 
tentials have been extended to the case of hydrocarbon 
bearing shaly formations, thus laying a formal basis for 
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the quantitative interpretation of electric logs in shaly 
oil sands. 


The presence of disseminated clays in porous rocks 
saturated with electrolytic solutions has a strong influ- 
ence on the transference of ions taking place under elec- 
trical or chemical potential gradients. Both the electro- 
chemical emf’s in evidence on the SP curves of electric 
logs and the electrical conductivity measured on resis- 
tivity logs are directly dependent on the ionic transfer- 
ence in the interstitial waters of the formations traversed 
by boreholes. 

A large number of researches have been carried out 
on the nature and magnitude of the effects of clays on 
ionic transference. The most recent of these have been 
described in papers by McCardell and Winsauer,”* 
Wyllie and Southwick,’ Poupon, Loy, and Tixier,* and by 
Perkins et al.’ 

Most of these authors consider the effects of the clays 
as due to the fixed negative charges on the clay lattice. 
These charges cause the formation of diffuse surface 
layers with a high concentration of positive ions. The 
internal solution of the shaly reservoir rock has there- 
fore a different ionic composition and concentration than 
the electrolyte with which it is in equilibrium (connate 
water produced from the formation or mud filtrate by 
which the formation is invaded). To calculate the equi- 
librium concentration of the internal solution, use is 
made of the Donnan’ relation, which states that the 
mean ionic activities of the internal solution and of the 
external electrolyte must be equal. From this and the 


1References given at end of paper. 
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fact that the internal solution must be electrically neu- 
tral (the total number of positive charges must equal 
the total number of negative charges), relations are de- 
rived for the internal concentrations which for the case 
of NaCl solutions take the form: 


Moy == = = 1/2(my 


where mc, and my, are the chlorine and sodium con- 
centrations in gram equivalents per 1,000 gm of solvent, 
m, is the concentration of the fixed negative charges, 
dyx is the mean ionic activity and y, x is the mean activ- 
ity coefficient in the internal solution. 


If a liquid junction is established within the reservoir 
rock between two solutions of different concentrations, 
an electrochemical emf will be formed across this junc- 
tion. Treating the emf across an ion exchange mem- 
brane as the combination of two phase boundary poten- 
tials (at the boundaries between the external and inter- 
nal solutions) and a diffusion potential between the two 
internal solutions, while assuming all activity coefficients 
to be equal to unity, Meyer and Sievers’ and Teorell* 
derived a quantitative expression for the total electro- 
motive force. This expression is commonly referred to 
as the Meyer-Sievers equation and is of the form: 


(1) 


2(mg)2 + (G-1) mez 

(M4)1 u/v —1 


u/v = mobility ratio of positive and negative ions in 
the internal solution, R = gas constant, F = Faraday, 
T = temperature (°K). 


The conductivity of a shaly reservoir rock will be 
equal to a constant (the inverse of the formation resis- 
tivity factor) times the conductivity of the internal solu- 
tion. The latter is given by: 

A = 96.5 (nx + nx v) mhos/cem . . (3) 
where n, and nx are the concentrations of positive and 
negative ions in the internal solution, expressed in gram 
equivalents per liter of solution. 


QUALITATIVE INTERPRETATION 


Kelations equivalent to Equations 2 and 3 form the 
basis for derivations by Perkins et al’ leading to a quali- 
tative method of electric log interpretation in shaly 
sands. This method expresses the log interpretation prob- 
lem in shaly sands in terms of the parameters used in 
the analysis of clean formations. For clean water sands 
the following relations hold with reasonable accuracy: 


RT Rove 
(SP), === (1 —)in- 
uty 
5 


where (SP), is the static SP, R,,, and R, are the re- 
sistivities of the mud filtrate and the formation water 
respectively, F is the formation (resistivity) factor and 
R,; is the resistivity of the mud filtrate invaded zone. 

In shaly sands, the static SP is reduced by the pres- 
ence of disseminated clays, and if we apply Equation 4 
regardless of this fact, we obtain an apparent water re- 
sistivity (Ry), which is larger than the actual water 
resistivity. The clay effect will also tend to reduce the 
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magnitude of R,; and if we apply Equation 5 to a shaly 
sand, we obtain an apparent formation factor, F,, which 
is smaller than F. 

Tixier has ee that it is reasonable to assume 
where R, is the resistivity of the formation, 100 per cent 
saturated with water of resistivity R,,. Poupon, Loy, and 
Tixier' present evidence of field measurements in sup- 
port of this rule. In the paper by Perkins et al’ deriva- 
tions are given which, by manipulation of relations 
equivalent to Equations 2 and 3 and by dropping a num- 
ber of the smaller terms, end up with an expression for 
the SP in shaly sands of the form: 


Ryo 


me 


(Rw)a 
is equivalent to Equation 6. In addition the paper pre- 
sents experimental evidence of the fact that Equation 6 
holds true with sufficient accuracy for shaly water satu- 
rated core samples. 


Wyllie and Southwick’ present a number of measure- 
ments on both natural and artificially prepared shaly 
samples, to support the validity of Equation 6a for the 
case of 100 per cent water saturation. 


which since R,, = F, Rns and (SP), = 70 log 


For purposes of qualitative interpretation of logs in 
shaly sands it is suggested that the value of R, com- 
puted in the above fashion be compared with the true 
formation resistivity, R,. If R. is appreciably larger than 
the computed R,, the sand is oil or gas bearing; while if 
R, is close to R,, the formation contains mostly water. 


It must be remembered, however, that all experi- 
mental evidence presented in support of Equation 6 is 
based on studies of water saturated samples. 


If we apply Equation 6 to an oil bearing horizon, 
two new factors will simultaneously occur. First of all 
in an oil bearing shaly sand, the value of m, will be 
increased (since the amount of water in the pore space 
is decreased, the concentration of the fixed charges in 
the interstitial water will be larger). The value of the 
static SP will be lower than when the same formation 
had been water bearing. Accordingly the value of (R,,). 
will be larger than in the case of a water sand. Secondly, 
the invaded zone will contain a certain amount of resi- 
dual oil which will cause R, to be higher and F, to be 
correspondingly larger than the F, one would have 
found were the invaded zone completely saturated with 
mud filtrate. The effects of this second factor were 
pointed out by Wyllie and Southwick.‘ 

If we now apply Equation 6, we find that both (R,,), 
and F, are too large and therefore the computed R, will 
be an apparent R, much larger than the resistivity of the 
formation 100 per cent saturated with water of resis- 
tivity R,. 

The apparent R, may have a value quite close to that 
of R, and the sand will be interpreted as containing 
mostly water. The suggested interpretation method will, 
therefore in general, give results which are too pessi- 


mistic and may lead to the by-passing of commercial 
accumulations of oil. 


SCHLUMBERGER METHOD OF QUANTITATIVE 
ANALYSIS 


To avoid the hazards involved in the qualitative inter- 
pretation, Poupon, Loy, and Tixier developed extensions 
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of Equation 6 to apply to partially oil or gas saturated 
sands. These equations are based on earlier work by 
Doll’ on systems containing laminated clays and by 
de Witte” on resistivities of reservoir rocks containing 
dispersed clays. The new relations for formations with 
disseminated clays take the form: 


S, pm Rea 


where S, and S,, are the fractions of total void space 
occupied by the conductive mixture of clays and water 
in the undisturbed formation and the invaded zone re- 
spectively. A somewhat similar equation is derived for 
the case of sands with laminated clay layers. 


Bearing in mind the Archie relation for clean sands 
wv = R»” a comparison of Equations 6 and 7 shows 


that Equation 7 introduces a correction for residual oil 
present in the invaded zone and possibly a simultaneous 
adjustment for the effects of oil saturation on the SP 
deflection. 


The equations for laminated shaly sands have been 
combined into an interpretation nomograph' which 
requires knowledge of the connate water resistivity R,, 
along with the measured values of R,,, R,, and the SP 
deflection in order to determine the water saturation of 
a shaly sand. This additional requirement for the quan- 
titative interpretation of shaly sands should be expected 
if we consider the facts that the inherent resolution of 
electric logs in shaly sands is smaller than in clean sands 
and that an additional unknown, namely the degree of 
shaliness of the sands, has to be taken into account. 

Historically the Schlumberger method is of interest in 
that it combines the factors evolved from electrochemi- 
cal considerations which yielded Equation 6 with the re- 
sult of earlier physical model representations of the 
electrical behavior in shaly sands. 

In the following an attempt will be made to compare 
this method with conclusions drawn from purely electro- 
chemical derivations for the interpretation of oil bearing 
shaly sands. 


ELECTROCHEMICAL RELATIONS IN SHALY 
FORMATIONS 


SPONTANEOUS POTENTIALS 

Instead of analyzing the shale membrane potentials 
in terms of the sum of phase boundary and diffusion 
potentials, one can simply consider the energy changes 
involved in the transference of ions through the mem- 
brane due to the chemical potential gradient and equate 
these to the equilibrium emf. This approach used by 
Scatchard” leads to the equation: 


where the transference number f; is the number of moles 
of species i transferred in the direction of positive cur- 
rent for | Faraday passing through the system (this 
definition permits the use of transference numbers of 
neutral species, e. g. water). The term a, is the activity 
of species i. Terms a and w are the compositions of the 
solutions at each end of the system. 
For the case of a solution of monovalent ions, we 

have: 

ain 

ainay = 
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(since ft; — ty = 1); ty, denotes the transference num- 
ber of the water. 

Using Onsager’s reciprocal relations, Staverman™ 
showed that in calculating membrane potentials by equa- 
tions of the form of Equation 8, we can omit the term 
for solvent transference, if we use the uncorrected Hit- 
torf transference numbers (fx), and (f,), instead of fy 
and fy. This means that if in Equation 8 we express all 
transference numbers with respect to the solvent (which 
makes t, = 0), we are correctly taking into account the 
efiect of solvent transference on the membrane poten- 
tials. The uncorrected Hittorf transference numbers may 
be interpreted as the portions of total current carried by 
each species 7. Equation 9 may now be written as: 


Upon substitution of Equation 10 in Equation 8 the 


equal to the potential obtained across a perfect shale 


o 


membrane, so that { (f.)y d Ina he represents the SP 


a 


kick of a shaly sand measured with respect to the base 
line of a dense argillaceous shale. When measuring po- 
tentials across a core sample in the laboratory, we have 
to take both terms into account. 


If by convention we take both the mobilities and the 
transference numbers of the anions as negative, we can 
write: 

My (Ux) Mx 
Furthermore the electrical neutrality of the internal 
solution requires that m, = my + my 
Using the above expressions, Equation 10 gives: 
= 


(HEM 


— dl 
(Uy) Me + [(Uy) a — (Ux) 
and the potential is given by: 
My + 
where according to Equation 1: mx = — mpjy + 
1/2 (my + 4a4x/y'ax) 
Equations 8 through 11 are all given in units Ol 


Expressed in millivolts Equation 11 becomes (for 25° C 
or K) 


ux 
Uy Ju 


It can be shown that Equation 12, with mx given by 
Equation 1, is basicall; the same as the Meyers-Sievers 
equation except that the effects of the solvent trans- 
ference have been taken into account. 


The Meyer-Sievers equation is usually evaluated 


assuming to be the same as in free solutions and 
Wy 
taking y,x equal to unity. A slight refinement can be 
made by taking both the mobility ratio and the mean 
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Ux\ my 
118. 
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activity coefficient for the internal solution as equal to 
those for free solutions of the same average concentra- 
tion. Fig. 1 shows a plot of emf’s calculated from Equa- 
tion 12 using these latter assumptions for constant ratio 
of w over a (w = 4a) and various values of mz. The 
calculated emf’s are plotted against 1/a. We notice 
that these curves predict that for dilute solutions (a 
< 0.01) the membranes behave very nearly as perfect 
cation exchangers even for very small values of mr. 


Fig. 2 shows a similar plot obtained by laboratory 
measurements on a series of core samples ranging 
from dense black shale to very nearly clean sands. 
Comparison with Fig. 1 shows appreciable discrepancies 
between the experimental emf’s and their theoretically 
predicted values, especially for the more dilute solu- 
tions. The experimental family of curves shows a 
good internal consistency suggesting some conceptional 
inaccuracy in the theory rather than experimental errors 
as the cause of the discrepancies. The data represented 
in Fig. 3 of the paper by Wyllie and Southwick’ show 
the same shortcomings of the Meyer-Sievers equations 
as applied to dirty sands. 


It is natural to expect that the weak points of the 
theoretical predictions lie in the assumptions made 


Ux 


regarding the mobility rato’s| | and the activity co- 
H 


Us 
efficient, ysx, in the internal solution. The former have 
a marked influence on the values of the computed emf’s 
for concentrated solutions, as was shown in the original 
work by Meyer and Sievers. As observed by these 
authors, factors such as pore size distribution of the 
membranes may cause the apparent mobility ratio in 
the membrane to differ from that in free solutions. 
By adjustment of the assumed mobility ratio, it is easy 
to bring the computed emf’s for the concentrated solu- 
tions in agreement with the experimentally observed 
values. 


For dilute solutions, however, the effect of variations 
in mobility ratio on the emf’s becomes very small and 
quite insufficient to explain the discrepancies between 
the curves of Figs. 1 and 2. 


The theoretical curves shown in Fig. 1 and the 
Meyer-Sievers relations both are based on values for 
the concentration of the internal solution given by 
Equation 1. It appears to be in order to critically re- 
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Fic. 1 — MEMBRANE POTENTIALS CALCULATED FROM 
EQUATION 12. (WITH ACTIVITIES OF INTERNAL SOLUTION 
EQUAL TO THOSE OF FREE SOLUTIONS OF SAME 
CONCENTRATION ) 
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Fic. 2 — MEASURED POTENTIALS ACROSS VARIETY OF 
CoRE SAMPLES. 


examine the origin of this equation. As stated before 
Equation 1 is derived using the condition of electrical 
neutrality and the Donnan equilibrium relation. The 
derivations in the original work by Donnan* were made 
for the case of ideal solutes and a completely homo- 
geneous dispersion of the fixed charges (non-mobile 
ions) in the electrolytic solution. The corresponding 
equilibrium relation is given in terms of concentra- 
tions and for NaCl solutions would take the form 
Mug? Mow = m’o\+_This Méads directly tomthe 
expressions in Equation 1 for the case of yax = 1 
and to the corresponding form of the Meyer-Sievers 
equations. McCardell et al’ showed that the Meyer- 
Sievers relation may also be derived from the Boltz- 
mann distribution function, again using the assump- 
tion of homogeneous dispersion of the fixed charges 
and ideal behavior of the solutes. 

As a first correction for the non-ideal behavior 
of the ions, activities are substituted tor concentrations. 
This correction attempts to take into account the ef- 
fects of ionic interaction and the resulting decrease 
of the degree of randomness in the ionic distribution. 
Each positive ion is surrounded by a slightly larger 
number of negative ions than positive ions and vice 
versa. Each ion moves therefore in the electrical field 
of its surrounding ion cloud, and its activity is de- 
creased in proportion to the strength of this electrical 
field. The activity coefficient is used to indicate the 
extent by which the activity has decreased from that 


ax) 
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Fic. 3 — POTENTIALS CALCULATED ASSUMING NEGLIGI- 
BLE ACTIVITY OF COUNTER-IONS (EQUATION 16). 
DASHED LINEs INDICATE MEASURED VALUES OF FIG. 2. 
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of an ideal solution. In fairly concentrated solutions the 
activity coefficients may be of the order of 0.5. Consider- 
ing now the actual composition of the internal solution 
of a shaly sand, we know that the fixed charges are 
not homogeneously distributed throughout the solution, 
but are concentrated on the surfaces of the clay par- 
ticles. The charged surfaces attract a high concentra- 
tion of positive ions as diffuse layers of counter ions. 
This arrangement has a highly marked lack of ran- 
domness and has consequently a pronounced electrical 
field. The activity coefficient of the positive counter ions 
in these electrical fields are correspondingly strongly 
reduced. 


This conclusion leads to the following formulation 
of the Donnan equilibrium for the case of shaly forma- 
tions: 

NxYx (Mxyx ar Mal yx) = ae or 

where r is the factor by which the activity of the 
positive double layer ions is reduced compared to the 


remainder of the ions in the internal solution. Solving 
Equation 13 for mx we obtain: 


2 2 
+ % | (rma)? + 


A rigorous calculation of typical values of r is be- 
yond the scope of this paper. A value of r equal to 
0.1 or smaller seems however quite plausible. It can 
further be shown that reduction factors much smaller 
than 0.1 give only slight additional effects on the cal- 
culated emf’s beyond those obtained for r = 0.1, so 
that the assumption r = 0.1 is nearly equivalent to 
omitting the terms r m, completely in the expression 
for m,. The latter step gives: 


and with yx taken equal to the mean activity coeffi- 
cient in free solutions of concentration mx we find 
that mx is equal to the concentration of the external 
solution. Equation 12 therefore reduces to: 


m, = 


E = 59.1 f dloga, + 


ike ar = m 
UsJu 
where m is found for each value of dyx from the 
known relations between activity and molality of free 


solutions. 
The experimental emf’s of Fig. 2 for very concen- 


Ux 
trated solutions indicate a change in the value of (=) 
HL 


due to the pore structure. A value of (=) Sells) 


A 


Ux 


is suggested. with ( ) = —1.15, Equation 15 be- 
H 


A 
comes: 
1.15m 


d log ayx 
Fig. 3 shows a plot of E vs 1/a calculated from 
Equation 16 for various values of m,. The experimental 
curves of Fig. 2 are shown in this figure by dashed 
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lines. The agreement of the two families of curves 
appears quite satisfactory. 

The expression for the SP deflection measured from 
a shale base line now becomes: 


(17) 


where a, and a, are the mean ionic activities of the 
connate water and the mud filtrate respectively. Approx- 
imating the mean activity by the molality m, Equation 
17 can be formally integrated to: 


lS My 
(SP), = —59.1 ae 

DANS Maye 

= = 18 

Co) (ey 63.3 log (18) 

ux 
If we do not wish to assign a specific value to (3 
AJH 


or if we want to take its variation with temperature 
into account, we can obtain directly from Equation 15 
the general expression: 


(=) | my 
Us /u Us Ju 


(SP 9 log 


Us Ju Uy 

If we choose to use a mobility ratio equal to that of 


free solutions, which is normaily taken as ("°) 
Uy Ju 


= —1.5, Equation 19 gives: 


(SP). my + 2.5 


CONDUCTIVITY OF SHALY WATERSANDS 


The electrical conductivity of a 100 per cent water 
saturated rock is given by: 


where A is the conductivity of the internal solution and 
1/F* is the “cell constant” of the inert rock network. 
The conductivity of the internal solution can be 
expressed as: 
= (AA VIN = 
where n, and nx are the concentrations of the positive 
and negative ions in gram equivalents per liter. If we 
denote the conversion factor of normality to molality 


of the electrolyte by 8 so that B = “we have: 


A = 96.5 2 [us (mM, + Mx) — Ux mx] 

or A. = 96.5 B [us meg + mx (Us — Ux)] . (20 
For the free solution with which the internal solution 
is in equilibrium we have similarly: 

and with my, = m we can write: 

AX = where a = 96.5 B usme 


ul | 


and b = 


The conductivity of the rock now becomes: 


R, (a a R. 
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where a and b are constants depending on the shali- 
ness and texture of the rock. 

Equation 21 is of the same form as the relations 
found earlier by Patnode and Wyllie” and by de Witte.” 
The form of the equation is at variance with the data 
obtained by Wyllie and Southwick* in experiments on 
samples made up of cation exchange resin material 
(IR-120) and glass spheres. This apparent disagree- 
ment warrants further elucidation. 


When experimentally testing the equations for the 
resistivity of water bearing shaly sands, the simplest 
criterion to apply is that according to Equation 21, 
a plot of 1/R, vs 1/R, must give a straight line. 


Fig. 4 shows a number of such plots obtained from 
resistivity measurements on the same type of samples 
on which the electrochemical emf’s were measured. 
The Saugus samples are so shaly that this facies of the 
formation cannot be considered as a commercial res- 
ervoir rock. The Nelly Blye is very close to a clean 
sandstone, while the Parkman and Delaware sands 
are intermediate in shaliness. In addition a plot of 
the data given in Table 2 of the paper by Wyllie and 
Southwick for the Stevens sandstone, is shown. It is 
noted that the straight line relation holds with suf- 
ficient accuracy for all these samples, down to water 
conductivities well below those encountered in prac- 
tice. For comparison the data given by Wyllie and 
Southwick for the IR-120 spheres are plotted on the 
same scale as those for the shaly sands. The strong 
deviation from linearity of this plot is readily apparent. 


Careful examination of the premises on which Equa- 
tion 21 is based, and which appear to be satisfied for 
shaly sands, yields a simple explanation for the differ- 
ing results of the IR-120 experiments. In Equation 3 
from which Equation 21 was derived it is implied that 
the clay particles are sufficiently small and randomly 
enough distributed so that their double layer conduc- 
tivity can be added directly to that of the remainder 
of the electrolyte in the pore spaces. For shaly sands 
with clay particle sizes of the order of microns or 
smaller and very random distribution of the clays in 
the void space this condition appears to be satisfied. 
For regularly packed spheres of IR-120 with an aver- 
age diameter of around 400 microns, the condition is 
definitely not fulfilled and we actually have a well 
described geometry of two media of different conduc- 
tivities. The resultant over-all conductivity for such 
cases is usually not a linear combination of the two 
component conductivities, as is shown in the analogous 
cases of mixtures of sand grains (zero conductivity) 
and electrolyte and mixtures of oil and electrolyte. The 
former gives the nonlinear porosity-formation factor 
relation while the latter is described by the nonlinear 
Archie equation. 

In Fig. 6 of the paper by Wyllie and Southwick 
we also note that the IR-120 mixtures do not follow 
the Tixier relation, over part of the concentration 
range of practical interest while the data on the shaly 
sands shown in the same figure do obey this rule. 

It is clear therefore that observations made on the 
aggregates of relatively large spheres of cation exchange 
resin cannot be used as criteria for the relations on 
which electric log interpretation methods in shaly sands 
may be based. 


Since the conductivity of the internal solution can- 
not be measured independently and the cell constant 
F*, therefore, is difficult to evaluate, it is more prac- 
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Fic. 4—COMPARISON OF CONDUCTIVITY RELATIONS FOR 
NATURAL SHALY SANDS AND “ARTIFICIAL SHALY SANDS.” 


tical to define the resistivity formation factor F as: 


F = lim R, 
ROO 


F Equation 21 as a that 
rom qua 10n R. aR. sO a 
F = lim 
1 lfa 1 


THE TIXIER RELATION 


The relationship between the SP deflections and 
resistities in shaly sands can be easily derived from 


the foregoing equations. Using the value ofa 
Uy 
= —1.15 in Equation 20 we have: 
= 96.5 B uy (mp + 5) 


1 
Applying this expression to the invaded zone (with 
myx = Myr) and the undisturbed formation (with mx 
= my) respectively and substituting the results in 
Equation 18 we obtain: 


Rxo 
Again if we choose to take the mobility ratio in the 
internal solution equal to that in free solutions the 
constant in the above expression for the static SP 
becomes 71 instead of 63.3, which shows close agree- 
ment with Tixier relation as given by Equation 6. 


(SP), = —63.3 log 


(22) 
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SP IN OIL BEARING FORMATIONS 


If we replace part of the interstitial water of a 
formation by oil, while the pore surface remains water 
wet and the resulting water saturation expressed as a 
fraction of pore space is equal to S,, the concentra- 
tion of fixed negative charges in the internal solution 


is increased by a factor of ga 

Similarly in the invaded zone the concentration of 
fixed charges becomes m,/S,;, where S,; is the water 
saturation in the invaded zone. We can now distinguish 
two cases, dependent on the characteristics of the boun- 
dary between the invaded zone and the formation be- 
yond this zone. 

If we consider the salt content of the connate water 
to have partly diffused back into the invaded zone, 
we have the cell: 


For this case the SP deflection will be given by: 

On the other hand we might consider the internal 
solution of the undisturbed formation immediately be- 
yond the invaded zone to be in equilibrium with the 
mud filtrate. This case may be represented by the cell: 


(SP), = — K, lo 


The SP deflection for this case will be: 


ay Sys 
w= —K 
Since m,;/S, is larger than m,/S,;, salt diffusion 
through the invaded zone will be more rapid than 


in the undisturbed formation and this latter case will 
63.3 
eventually prevail. Here = 298 TE, 


T is the absolute temperature (°K). 


RESISTIVITY OF OIL-BEARING FORMATIONS 


The effects of oil saturation on the resistivity of 
shaly rocks consists essentially of two parts. First, the 
concentration of fixed charges in the internal solution 
is increased to m,/S, Which changes the conductivity 
of the remaining interstitial water to: 

= 96,5 se . (24) 


Secondly, the oil makes part of the pore space non- 
conductive and forces the current paths to become 
more tortuous. This latter effect has been treated earlier 
by de Witte” and is expressed by the relation: 


Sw Where F’ = that we obtain: 
R F’ 


Applying this to the undisturbed formation and to 
the invaded zone respectively we obtain: 


i C 2 
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where Rx, and S,., are the resistivity and the water sat- 
uration of the invaded zone and C = 96.5fuy. 

Equations 23 and 26 form the basis for the quantita- 
tive interpretation of shaly oil sands and may be com- 
bined by writing: 


Rx, 
Re Se 
(Can Ms 2.15 Mint 


(my/ Sy + 2.15mMnt) = 
Using Equation 23, we obtain after rearrangement: 
Sw 


Rx, 
(SP), = K.|log ° + log 


Sot 


To use Equation 27 it is in general necessary to know 
the connate water resistivity. With knowledge of R,, or 
my, We can solve Equation 23 for the value of m,/S\, 
and subsequently evaluate S,,/S, from Equation 27. 

In the case of a wildcat well where R,, is not known 
but where the general character of the sand can be 
judged either from the log by comparison with neigh- 
boring formations or from the lithological description of 
drill cuttings, we can use the following approximations: 

For relatively clean sands and saline muds 
Mme), Equation 27 reduces to: 


+ log 


(27) 


Sw i 


Re 
SP) = = 


This is similar to the expression given by penser et al 
for formations containing disseminated clays, except for 
the somewhat different interpretation of K, and the fact 


(28) 


that the ratio re replaces 5 where the quantities in 


the latter ratio denote the fractions of total void space 
occupied by the conductive mixture of water and clays. 

For very shaly formations, and fresh mud (m,»Mm+), 
we obtain: 


Rxo Swi 
SI lo 


Where neither the character of the fornntton can be 
judged nor the value of R, is known, Equations 28 and 
29 will serve to give the limiting values of S,,/S\:. 


(29) 


FIELD EXAMPLE 


Fig. 5 shows a conventional electric log through an 
Oligocene sand section in South Louisiana. The zone 
analyzed is the center portion of the bed between 
11,908 ft and 11,940 ft. The following data are perti- 
nent: The hole diameter d= 6 — at [00° 
= .22 at 216° F (formation temperature); Rn, = .13 
at 216° F: (SP), = 25 mV. From simplified departure 
curve analysis’ using the two normal curves, in conjunc- 
tion with the reading of the long lateral curve we find: 

For the qualitative procedure using F, Ry, = R,, we 

1.76 


have: F, = ER 


= 13.5. To find R,.,, we must use the 


mf 


R . 
relation (SP), = K log R , where K is the SP constant 


wa 


for clean sands which should equal approximately 85 at 
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SAND SECTION. 


ohm-m. Finally F,Ry. = R, = 13.5 X 66 = .88. 
When compared with the R, value of 1.32, we obtain 
R, = 1.48 R,. This ratio looks fairly unpromising and 
it might lead to serious doubts about the value of the 
sand in question as a potential oil horizon. 

For the quantitative evaluation it can be ascertained 
from comparison with neighboring horizons (not shown 
in Fig. 5) that the sand is quite shaly, while the mud is 
not saline. Equation 29 should therefore apply with fair 


Ix 
accuracy. Substituting the values of (SP), and i given 
t 


above (assuming Rx, = R,) and using K, = 0.21T = 
79, we have: 


Son Swi 
25 = 79 | log 1.33 + log ——} or = 1.55 
Sw 
If we assume a residual oil saturation in the invaded 
0.7 : 
zone of 30 per cent, we find S$, = 155 = 45. ae 


means an oil saturation of 55 per cent. 


The formation in question tested 323 BOPD and no 
water on % in choke through perforations at 11,908 ft 
to 


CON 


Based on the concept of reduced ionic activity of the 
double layer counter ions near the negatively charged 
rock surfaces in shaly sands, a new set of electrochemi- 
cal relations has been derived. 


These relations yield simple expressions for the SP in 
shaly sands involving the concentration of fixed charges 
in the internal solution of the rock network as a general 
parameter, indicative of the degree of shaliness of the 
formation. Experimental evidence is given in support 
of the new equations. 


Expressions derived for the conductivity of water- 
bearing shaly formations agree with the empirical equa- 
tions found by earlier workers. 

Further proof has been given of the Tixier relation 
equating the product of apparent formation factor and 
apparent connate water resistivity in water sands to R,. 
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A set of equations is derived giving a formal basis 
for the quantitative interpretation of electric logs for 
shaly oil-bearing formations. 
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A method for the interpretation of temperature curves 
recorded in gas producing wells is described. One essen- 
tial feature of the method is a simple graphical con- 
struction which conveniently reflects the amount of gas 
flowing from a given producing formation. 

This method, applied in conjunction with the Induc- 
tion Log and radioactivity logs, is valuable to determine 
the points of entry of gas and to estimate the over-all 
thickness of the producing zones and their respective 
contributions to the total production. The method in 
particular is helpful in evaluating the effect of fractur- 
ing operations. 

An outstanding result of the application of the 
method is to bring to the light the relative importance 
of sand-shale interfaces in the production of gas. 


The paper is illustrated with field examples. 


ON 


The electrical logging tools involving conventional 
systems are not applied in wells which do not contain 
water base mud (empty holes, or wells filled with oil 
base mud), because of the absence of electrical connec- 
tion between the electrodes and the surrounding forma- 
tions. It is, therefore, common practice in this case to use 
other methods which do not require the presence of 
a conductive fluid in the borehole: resistivity log with 
scratcher electrodes, Induction Log, radioactivity logs, 
temperature log.... 

Such conditions are encountered in some regions, as 
the San Juan Basin, N. Mex., where a technique of 
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drilling gas wells, using gas as a drilling fluid, has been 
introduced in the last two years. 

By the middle of 1953, an appropriate method for 
the logging of these wells was devised on the basis of 
field tests and of theoretical studies. It is the purpose of 
the present paper to give a description of this method. 


In these wells the logging operations are performed 
during the process of gas production, so that the tem- 
peratures in the boreholes are strongly affected by the 
cooling due to the expansion of the gas. On the other 
hand, a special thermometer, with a high sensivity and 
a short time constant, has been recently made available, 
which has enabled much more detailed and accurate 
recordings of the borehole temperatures than with the 
conventional instruments. As a result of these two cir- 
cumstances, the temperature log constitutes the essential 
element of the method, in making possible the detection 
of the gas producing zones, the definition of their boun- 
daries, and the estimation of the respective contributions 
of each separate zone to the total production. 


The method also involves the radioactivity and Induc- 
tion Logs, as auxiliary documents. These logs in the 
present instance are helpful in the determination of the 
reservoirs. However, the information they give in this 
respect is limited. This comes from the fact that, due to 
the absence of the MicroLog and/or MicroLaterolog 
and of the SP log, the estimation of formation factors 
and connate water salinities is somewhat conjectural. 
Furthermore, little help is obtained from the Neutron 
log for the evaluation of porosity and of formation 
factor because the variations of gas saturation affect 
the Neutron log in a way similar to the variations of 
porosity. 

It should be said also that even an exact knowledge 
of the gas saturation of the reservoir beds would not 
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permit in general a correct estimation of their possible 
productions. This is because the formations encountered 
in those wells are consolidated with low permeabilities, 
and, as a rule, are artificially treated by shooting or 
hydraulic fracturing to stimulate the production. 


In the following, the principles of the interpretation 
of the temperature logs will be explained first. Next, the 
practical applications of the temperature curves, com- 
bined with the other logs, will be discussed using actual 
field examples. Finally, an outline of the mathematical 
treatment of the problem will be given. 


PRINCIPLES OF INTERPRETATION OF 
TEMPERATURE CURVES 


Gas escaping from a high pressure producing bed into 
a dry hole undergoes a considerable cooling. This cool 
gas mixes eventually with warmer gas coming from be- 
low and produces a drop in the temperature log opposite 
a gas zone, which may attain 20° F or more* (see field 
examples). The amount of cooling is determined by 
several factors: 


1. The radial distribution of pressure in the bed, 
which in turn depends on the permeability and porosity 
of the formation and the length of time the bed has been 
producing. 


2. The thickness of the bed. 
3. The thermal conductivity of the formation. 


4. The amount of gas produced compared to the 
amount coming from below (for the case of a producing 
zone located above one or several other producing 
beds). 


DETERMINATION OF THE BOUNDARIES OF THE 
Gas PRODUCING ZONES 


Determination of the boundaries of the gas producing 
zones is based on the knowledge of the shape of the 
temperature log at the various levels of the gas-produc- 
ing zones. The shape of the curve is different according 
to whether the producing zone is the closest to the bot- 
tom of the hole or is located above. 


Fig. 1 shows the typical shapes of the temperature 
log computed in the case of two beds which are sup- 
posed to produce about the same amount of gas, the 
lower bed being the first producing zone from the bot- 
tom. The graph traced on the figure should be consid- 
ered as being somewhat schematic because several sim- 
plifying assumptions have been involved in the computa- 
tion. The geothermal gradient, in particular, has been 
neglected and it has been assumed that all the cooling 
takes place substantially at the wall of the hole. It has 
been also supposed for the computation that there was 
no vertical heat exchange: in practice therefore the 
sharp breaks indicated on the theoretical curve will not 
be observed in actual surveys but will be rather rounded 
as shown qualitatively by the dashed line. Despite those 
approximations, the essential difference in shape be- 
tween the lower and the upper bed is clearly indicated: 
at the level of the lower bed the temperature curve 
shows a plateau AB, A and B being located respectively 
at each boundary of the bed. At the level of the upper 


*In the conventional conditions of wells filled with mud, the 
temperature logs are run at a time when the gas is prevented from 
flowing by the mud column. The distribution of the temperature 
along the borehole is different in that case from that existing in 
gas producing wells. The discussion of the present paper, therefore, 
cone be extended without change to the case of wells filled with 
mud. 
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Fic. 1 — COMPARATIVE SHAPES OF THE TEMPERATURE 
LoG OpposiITE A GAS-PRODUCING BED FIRST FROM 
BOTTOM OF HOLE, AND A GAS-PRODUCING BED LOCATED 
ABOVE. (DERIVED FROM APPROXIMATE COMPUTATIONS 
WITH GEOTHERMAL GRADIENT NEGLECTED. ) 


bed, a continuous decrease of temperature is observed 
from A’ opposite the bottom boundary to B’ opposite 
the top boundary. 


TEMPERATURE CURVE ABOVE A PRODUCING ZONE 


It is supposed that the thermal conductivity of the 
formation above the bed is sensibly uniform, which 
seems to be the case in general, and that there is no 
other producing zone at a short distance above. The 
corresponding theoretical derivations will be given later 
on. Results of interest for the practical interpretation of 
the temperature logs are explained below (Fig. 2)**. 


1. At the level of the producing bed, the gas under- 
goes cooling and, therefore, immediately above the bed 
it will be gaining heat from the formation; its tempera- 
ture is lower than that of the formation. But at a great 
distance above the producing bed (assuming that there 
is no other gas zone or other temperature disturbance), 
the temperature T’ of the formations remote from the 
wall has become so much lower, in conformity with the 
geothermal gradient, that now the gas will be losing heat 
to the formations. In between, there is some point J 
which will be called the inversion point, where there is 
no heat exchange between the gas and the formation. 
There, obviously, the temperature T of the gas should 
equal that of the formation 7’; in other words, at the 
point J, the temperature log crosses the geothermal 
gradient. This inversion point should correspond to a 
maximum of the temperature curve. Above /, the tem- 
perature in the borehole decreases as the depth de- 
creases, until an asymptotic line is reached. The asymp- 
totic line is parallel to the geothermal gradient. 


2. The asymptotic line may be found by going up the 
temperature log until it is essentially straight and draw- 


bed in Fig. 1; the same discussion, of course, would be valid for 
a bed such as the lower one. 
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Fic. 2 — TEMPERATURE LOG ABOVE A GAS-PRODUCING 
ZONE, DETERMINED BY COMPUTATION. 


ing a straight line approximating this portion of the log. 
It is necessary to go far enough above the gas zone to 
obtain a nearly straight portion of the log — but not too 
far, however, because the theory assumes that the ther- 
mal conductivity of the formation does not change. In 
practice, the log can be expected to become nearly 
straight a few hundred feet above the producing zone. 

3. The amount of gas produced by a given bed can 
be derived theoretically from the slope of the curve 
above the bed. A convenient way for this derivation 
consists in tracing the swb-tangent to the curve. Through 
any point C on the curve above the producing bed, 
a tangent CJ and a horizontal line CH can be traced. 
The vertical line through the intersection at D of the 
tangent CJ and of the asymptotic line crosses CH in 
a point E which is located on the geothermal gradient 
line. The line DE is the sub-tangent to the curve at 
a point C. The length of the sub-tangent is constant 
whatever the location of the point C avove the produc- 
ing zone (this is illustrated on Fig. 2 where the sub- 
tangents DE and D’E’ at two different points C and C’ 
are traced). 

The length L of the sub-tangent is proportional to the 
total amount of gas produced by all the beds located 
below. For practical purposes, a relationship M = CL 
can be used, where M is the production of gas in thou- 
sands of cubic feet per day, at atmospheric pressure, 
and L is the length of the sub-tangent in feet. The pro- 
portionality coefficient C depends on the time elapsed 
between the beginning of production and the measure- 
ments. Its value also depends on the thermal conductiv- 
ity of the formation, the hole diameter...and on the 
presence or the absence of a casing. The curve of Fig. 3 
is a plot of C vs time. The curve was computed for an 
open hole, 6 in diameter, taking for the thermal con- 
ductivity of the formation a value of .0041 cal./degree 
cm*. This curve can be used, as a first approximation, 
for the analysis of the temperature logs. 


APPLICATION OF TEMPERATURE CURVES — 
FIELD EXAMPLES 


The application of the temperature curves will be 
discussed on field examples, coming from the San Juan 
Basin, N. Mex. 


“This is the value of K for freshly cut sandstone as given in the 
Smithsonian Physical Tables, 8th Revised Edition, page 275. 
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Fic. 3 — PLoT oF C vs TIME IN THE GAS PRODUCTION 
FORMULA M = CL. 


M — gas production in thousands of cubic feet per day at atmos- 
pheric pressure. 
L — sub-tangent in the temperature log measured in feet. 


The wells in that region are drilled with water base 
mud until the top of the gas producing series is reached. 
The conventional electrical log and the MicroLog then 
are run and the casing is set. Next, the wells are drilled 
deeper with dry gas. The temperature log, radioactivity 
logs, the Induction Log, and eventually the Section 
Gauge log are recorded while the gas is flowing from 
the formations. While in the initial period of exploita- 
tion most of the wells were shot with nitroglycerine, this 
procedure is being replaced more and more frequently 
with hydraulic fracturing. 

The producing series includes two main reservoirs 
referred to in the following as A and B. Reservoir A is 
usually indicated by the radioactivity and Induction 
Logs. Reservoir B (the lower one), does not always 
appear as clearly on the logs. The porosities of the res- 
ervoir formations are shown by core analysis to vary be- 
tween 10 and 15 per cent, the permeabilities are very 
low — around 1 md. 


EXAMPLE 


The left-hand track shows the temperature curve re- 
corded in the well while flowing gas and before hydraulic 
fracturing. 

The conventional resistivity curves and the SP curve 
recorded in water base mud prior to running the casing 
are traced in the upper right-hand portion of the draw- 
ing. 

The Gamma Ray Log and the Induction Log, run in 
the hole filled with gas, are represented at the bottom 
part. Two Induction Logging curves are traced, which 
are the reproductions of the same measurements with 
a hyperbolic and a linear resistivity scale**, respectively. 

The part of the well where these two logs were run 
corresponds to the producing series. The formations are 
a sequence of sandstones and shales interbedded. Over 
sections A and B, the proportion of sandstones is greater 
than in the other portions of the well (the average radio- 
activity is lower). The resistivities of the sandstones 
observed on the Induction Log are comparatively high, 
which suggests the presence of gas. Sections A and B 
correspond approximately to the two main reservoirs. 


**In fact, the Induction Log is primarily a ‘conductivity log”’ 
recorded with a linear conductivity scale, counted from the right to 
the left. This conductivity scale, when numbered in terms of resis- 
tivity, gives the hyperbolic resistivity scale. The curve with the linear 
resistivity scale is the reciprocal of the conductivity curve 
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EXAMPLE 1 — TEMPERATURE SURVEY IN GAS-PRODUC- 
ING WELL BEFORE FRACTURING, SAN JUAN BASIN, 
N. Mex., 1953. 


Four main cooling effects, corresponding to four gas 
producing zones, numbered I to IV are observed on the 
temperature log. 

Zone IV is the closest to the bottom of the hole. If 
the minor fluctuations are neglected, the curve opposite 
this section has roughly the shape of a plateau, as de- 
scribed in the theoretical analysis illustrated in Fig. 1. 
Zones [ and III show the characteristic shape defined in 
Fig. 1 for beds overlying other gas producing zones. 
Zone II is a very short distance above zone III, and 
accordingly does not give rise to a large relative de- 
flection. 


The comparison of the temperature, the gamma ray, 
and the Induction Logs shows that zone I straddles 
the top boundary of section A and includes a part of 
the overlying shales. Zone II apparently is a shaly sand- 
stone, zone III a sandstone, both located within section 
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A. Zone IV is mostly shaly, and is located almost en- 
tirely below section B. 

The asymptotic line has been traced above zone I. 
Also two sub-tangents D, E, and D’,; E’, have been con- 
structed at two points C, and C’, of the curve, and have 
been found to be substantially equal. 

The line drawn through the extremities E, E’, of the 
sub-tangents is, of course, parallel to the asymptotic line 
and furthermore crosses the temperature curve approxi- 
mately at the inversion point J. This line is the geo- 
thermal gradient. These results tend to confirm the 
theory. 

It is not possible to trace the asymptotic line above 
zone II, because the distance from I to II is too short. 
The sub-tangent D, E, can nevertheless be determined, 
using the geothermal gradient line. 

No such construction is possible for zone III, because 
the portion of curve between III and II is so short that 
a tangent cannot be well defined. 

An asymptotic line, and a sub-tangent D, E, are also 
traced for zone IV. 

The respective lengths L,, L., L, of the sub-tangents 
opposite zones I, II and IV are 90 ft, 70 ft and 40 ft. 

The proportions of the total production contributed 
by each zone are therefore: 


90-70 
Zone | 90° about 20 per cent 
Zones II and III a or about 30 per cent 
40 
Zone IV 90 or about 50 per cent. 


Taking for the C coefficient a value of 3.5, which 
corresponds to about eight hours elapsed between the 
beginning of the production and the time of the logging 
operation (see Fig. 3), the total production of the well 
is found to be equal to 3.5 X 90 = 280 Mcf/D. 


This figure can be compared to the value of 412 
Mcf/D measured at the well. The difference is reason- 
ably small, if one considers the various sources of error 
inherent in the computation (in particular the value of 
C is obtained from a curve computed for open hole, 
whereas the well above zone I is cased. Perhaps also, 
the measurement of the amount of gas produced is not 
entirely accurate either. ) 


EXAMPLE 2 


In the present instance, after setting the casing the 
well was drilled with gas to 4,962 ft and a first tempera- 
ture log was recorded down to the bottom (solid line on 
the drawing). A first cooling effect can be observed 
below the casing (zone I), and another one at some 
distance below (zone I1)*. Following this survey, this 
section was fractured with 10,000 gal of oil and 10,000 
Ib of sand. The measured production increased from 
300 Mef to 1,850 Mcf/D. 


After fracturing, the well was deepened to 5,479 ft 
and a second temperature survey was made. This second 
temperature survey shows the effect of hydraulic frac- 
turing in the section from casing to 4,962 ft (dotted 
line). The lower section, from 4,962 ft to bottom had 
not been fractured at the time of the second survey (line 
in dash-dots). 


*Zone II is very thin, which explains why the curve does not show 
a sizeable plateau, 
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The cool anomalies observed on the second tempera- 
ture log are located in the same places as zones I and II 
respectively. The curves opposite and above zone II are 
little different, which indicates that the production from 
this zone has not changed appreciably. On the contrary, 
the slopes of the two curves above zone I are markedly 
different, and their comparison shows that the produc- 
tion from zone I has considerably increased after frac- 
turing. 

The comparative productions of zone I before and 
after treatment can be roughly estimated in the present 
case, using the construction of the sub-tangents DE and 

The ratio D’E/DE = 300 ft/65 ft = 4.5, compared 
to 1,850/300 or about 6, as measured. 


It can be said also that, if C is again taken to be 3.5, 
the respective productions calculated before and after 
fracturing would be equal to 230 Mcf and 1,000 Mcf/D, 
against 300 and 1,850 measured. 


It is furthermore noticed that the amplitude of the 
cooling anomaly at the level of zone I is much smaller 
after fracturing than before. An explanation can be ten- 
tatively suggested for this somewhat surprising effect: 
after the process of fracturing, the permeability of the 
formation, on the average, becomes large around the 
borehole; beyond this the formation is not affected and 
the permeability remains small. Accordingly, when the 
gas is flowing, the radial pressure gradient is compara- 
tively small near the borehole and becomes great only 
where the formation is untouched. In other words, the 
greatest part of the cooling occurs far enough from the 
borehole that the temperature in the borehole is com- 
paratively little influenced. 


EXAMPLE 3 


A first temperature survey was made in this well 
down to the bottom at 5,475 ft before fracturing. One 
main cooling effect (zone I) is shown, at the level of 
a sandstone within reservoir A. The second temperature 
curve, recorded after fracturing, shows this productive 
zone widely extended upward, throughout the top part 
of reservoir A and the overlying shaly interval (zone I’). 

The comparison of the slopes of the two curves, above 
zones I and I’ respectively, brings to the light the impor- 
tant increase of production after treatment. No sub- 
tangents are traced for comparison in the present ex- 
ample, because the curve after fracturing was not re- 
corded high enough to make possible the construction 
of an asymptotic line. 

The log also shows several other zones, which pro- 
duce small amounts of gas (sharp breaks in the curve): 
Zone II and zone II’ are sandstones. Zone III’ is a shale, 
zone IV’ is at the boundary of a shale and a sandstone, 
and zone V’ includes both sandstones and shales. 


EXAMPLE 4 


This survey was also made under conditions identical 
to the ones described in the preceding examples. The 
first temperature log shows two gas producing sand- 
stones I and II, within reservoir A. After fracturing, the 
second curve shows a large cooling anomaly at I’, just 
below the casing. (Actually, the upper boundary of the 
gas producing zone is the casing shoe itself.) A com- 
paratively small deflection of the curve is still observed 
in the vicinity of beds I and II. 

The curves, therefore, show that the bulk of the pro- 
duction after fracturing comes from a new zone I’, 
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EXAMPLE 2 —- TEMPERATURE SURVEYS IN GAS-PRODUC- 
ING WELLS BEFORE AND AFTER HYDRAULIC FRACTUR- 
ING, SAN JUAN Basin, N. MeEx., 1954. 


which was not producing before fracturing. This zone is 
located within a shaly interval at some distance above 
the main reservoir. 


DISCUSSION 


OBSERVATIONS 


The observations made on the logs and illustrated by 
the above typical examples can be summarized as fol- 
lows: 

1. The production of gas may come from intervals 
different from the main reservoir rocks, and this par- 
ticularly after hydraulic fracturing. 

2. The gas producing intervals are often located with- 
in those zones where shales are predominant, or near 
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EXAMPLE 3 — TEMPERATURE SURVEY IN GAS-PRODUC- 
ING WELL SHOWING THE EXTENSION UPWARD OF THE 
MAIN GAS-PRODUCING ZONE AFTER HYDRAULIC FRAC- 
TURING (I, BEFORE FRACTURING — I’, AFTER 
FRACTURING). 


the boundaries between comparatively thick shales and 
sandstones. 


3. The gas producing zones after fracturing very 
often are not at the same depths as before treatment. 

When the logging operations were started in this 
basin, the wells were not yet treated by hydraulic frac- 
turing, and the observation that the gas would escape 
preferentially across the shaly sections seemed rather 
surprising. Later on, this tendency has become more 
conspicuous and systematic in the wells surveyed after 
fracturing. 


It has been, therefore, tentatively concluded that the 
gas may be produced from secondary reservoirs, such as 
sequences of thin sandstones within shaly intervals, 
and/or that it may migrate from the main reservoirs 
along fractures, either natural or induced, connecting 
those reservoirs with shaly sections. 


One point of particular interest is that in many in- 
stances the temperature logs show the gas coming out 
from the boundaries between sandstones and shales. 
Furthermore, those shaly zones which are the main gas 
producers are actually sequences of numerous thin 
shales and sandstones. In other words, they contain 
a large number of sand-shale interfaces, which, in the 
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case of low permeability formations, may constitute the 
easiest way for the gas to flow into the borehole. 

It is likely that the capacity of the interfaces to drain 
gas does exist in the natural conditions of production. It 
has been recognized, for example, that section B, before 
fracturing, usually produces more gas than section A, 
although the total thickness of reservoir rock is greater 
in A than in B. This comes from the fact that the beds 
in section B are on the average thinner and more numer- 
ous, and therefore, the interfaces are more frequent than 
in section A. This capacity of the interfaces is appre- 
ciably increased by the hydraulic fracturing, since ap- 
parently the interfaces constitute zones of least resist- 
ance. 

It may be suggested, therefore, that the hydraulic frac- 
turing in general, when operated throughout a large 
interval which includes other formations besides the 
reservoir rocks, may result in creating channels at depths 
which are not necessarily favorable for the most effi- 
cient drainage, as for example sand-shale interfaces lo- 
cated at a great distance from the reservoir rocks. It 
may thus be possible that the initial production obtained 
after fracturing, although very important, may not keep 
up because the fracturing operation has opened only 
some intervals with comparatively small reserves, where- 
as the main reservoirs may be essentially unaffected by 
the treatment. 


GRAPHICAL CONSTRUCTION 


The graphical construction used to determine L is 
certainly a convenient way to estimate the amount of 
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EXAMPLE 4 — TEMPERATURE SURVEYS IN GAS-PRODUC- 
ING WELL BEFORE AND AFTER HYDRAULIC FRACTURING 
SHOWING THE DISPLACEMENT OF THE MAIN PRODUCING 
ZONE FROM SANDSTONES I AND II TO THE OVERLAYING 
SHALES I’, SAN JUAN BasIN, N. Mex., 1954. 
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gas produced by each zone. It should be emphasized, 
however, that the accuracy of this procedure chiefly 
relies on the determination of the asymptotic line, which 
is not always obtained with enough precision. One diffi- 
culty in this respect is that the temperature logs usually 
are not recorded high enough above the upper produc- 
ing zone. 

Should the value of the geothermal gradient for the 
region under investigation be known, the value of L 
could be also obtained by tracing the geothermal grad- 
ient through the inversion point I. But here again, un- 
certainty will arise as to the location of the point I be- 
cause of the small curvature of the log around its maxi- 
mum. 

Furthermore, the value of the coefficient C in formula 
M = CL involves several factors which are not always 
sufficiently well defined. 

The procedure described above cannot, therefore, be 
considered as applicable in all cases for a determination 
of the absolute production. It may nevertheless be val- 
uable in assessing the relative productions of each of the 
zones producing at the same time, or to compare the 
productions before and after fracturing. 


THEORETICAL DERIVATIONS 


As stated above, the essential rules for the interpre- 
tation of the temperature log have been determined by 
mathematical analysis and confirmed by field experience. 

The essential derivations are explained below. 


Basic COMPUTATIONS 

Let z be the distance measured upward along the axis 
of the borehole from some convenient reference point, 
and M(z) be the amount of gas flowing per unit time 
along the borehole. If m(z) is the amount of gas pro- 
duced per unit height and per unit time, then clearly 

d M(z) 

The following assumptions will be made: 

1. There is sufficient turbulence in the flow of gas in 
the borehole that it is essentially homogeneous in tem- 
perature and pressure across any section of the borehole. 

2. The gas is at the same temperature as the wall of 
the borehole. 

3. Due to its expansion, the gas being produced has 
been cooled a certain amount 67 below the temperature 
T’(z) of the formation remote from the borehole. This 
amount, of course, will depend on the nature of the bed. 
Any effect on the cooling caused by changes in the bore- 
hole gas temperature T should be small and is neglected. 

4. The effect of heat conduction in the formation 
parallel to the borehole may be ignored. 

5. The pressure in the borehole is effectively atmos- 
pheric pressure. 

6. Convection of heat in the formation may be neg- 
lected. 

Consider a small length Az of the borehole lying 
between z and z + Az. The amount of gas entering this 
volume from below at a temperature 7(z) is M(z) and 
the amount entering from the formation at a tempera- 
ture T’(z) — 8T is m(z) Az: see assumption 3. These 
two streams of gas are mixed together and leave the top 
of this element of volume at a temperature 7(z + Az). 


The heat absorbed by the first stream per unit time is 
Miz) Az) = T(z)] » (2) 
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While that for the second stream is 

with C, being the specific heat of the gas at constant 
pressure. The sum of these heats is assumed supplied 
by conduction of heat from the formation and is there- 
fore given by the expression 


where 
K: conductivity of the formation 
a: radius of the borehole 


: radial component of the temperature grad- 
ient at the wall of the borehole. 


It is convenient to write in place of Equation 4: 


where 
OP — 


is a proportionality constant which, however, is depend- 
ent somewhat on the length of time the well has been 
flowing. 

Equating the sum of the expressions in 2 and 3 to that 
in 5 and dividing by C, Az one has: 


Cp 


Letting Az approach zero and rearranging terms, we 
have the differential equation: 


M(x) Ga — T’(z)| = — 


(7) 


Since the temperature of the formation T’(z) remote 
from the borehole may be assumed to be given by: 


Pp 


g 


where 7’, is the formation temperature at z = O and 
g is the geothermal gradient, one may write in place of 
Equation 7 the differential equation: 


d 
= 


[T’(z) — T(z)] = méT (9) 


Pp 


CHARACTERISTICS OF THE CURVE AT THE LEVEL 
OF THE GAS PRODUCING ZONES 


Assuming a uniform gas producing bed, m/(z) is a con- 
stant, which will be referred to as m, and if we take 
z = 0 at the bottom of the bed 

where M, is the quantity of gas coming from the beds 
below. The differential Equation 9 thus becomes 


oT 
or 
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where 
M, 
(45 
m 
27ak G 
a = (12) 
imo (Gy m 
A general solution of Equation 11 is seen to be: 
B 


where B is an arbitrary constant. Assuming that the 
bed is sufficiently thin so that the change in T’(z) across 


it can be neglected (this amounts to taking 5 = 0), one 


has: 


T B 
T(z) = T’, — 
a 


Solving for B in term of the temperature 7, at the bot- 
tom of bed, one then has: 


+ — (15) 

When the producing zone is the closest to the bottom 
of the hole, there is no gas coming from below the bot- 
tom boundary; then e, =0 and in Equation 15 


(2 1) also equal to zero, 


Equation 15 reduces to: 


(16) 


T(z) = T 
which shows that, if the producing formation is homog- 
eneous, 7(z) is constant: in other words, the curve 
should exhibit a plateau. 


For the bed above the bottom beds e, is no longer 
equal to zero, and Equations 14 and 15 show that the 
temperature decreases as z increases. 


At the top of a gas producing bed, whether it be the 
bottom bed or not, the entry of the cool gas from the 
formation ceases and one has left only the warming due 
to conduction of heat from the formation. Thus the tem- 
perature of the gas will start to rise once the top of the 
bed is passed, and one has a very distinct indication of 
the upper and lower limits of a gas producing bed. 


TEMPERATURE CURVE ABOVE A PRODUCING ZONE 

We will now take z = 0 at the top of the bed. 

Above a gas producing zone, m(z) is zero and M(z) is 
constant. The differential Equation 9 therefore becomes: 
The general solution of this differential equation is seen 
to be: 


1 


where A is an arbitrary constant and 
(1?) 


The last term in Equation 18 becomes small as z 
becomes large and thus T approaches the asymptotic line 
shown in Fig. 2 whose temperature is given by 

& 


(20) 


ik, 
T’(z) 


118 


where 7’, is the formation temperature at the depth of 
the top of the bed. 

This line corresponds to a temperature L/g degrees 
greater than that of the geothermal gradient, T’. As 
seen from Equations 8 and 20, it represents the same 
temperature at z as that for the geothermal gradient 7’ 
at z — L. Thus it may be looked upon as a vertical 
displacement of L feet of the geothermal gradient in the 
direction of shallower depth (see Fig. 2). 

This displacement L is equal to the sub-tangent DE 
at any point C of the curve above the producing zone. 

It has been explained qualitatively in the section of 
this paper entitled “Temperature Curve above a Produc- 
ing Zone” that the temperature log crosses the true geo- 
thermal gradient, at the inversion point J, which corre- 
sponds to a maximum of the temperature log. This fea- 
ture can be proved as follows: 

The maximum of the temperature log is obtained by 
differentiating T(z), given by Equation 18, with respect 
to z and setting this derivative equal to zero. Thus 2Z,, 
the value of z at the maximum, is found from the 
equation: 


Z 
az 6, 
or 
L 
For this value of z from Equations 18 and 20: 
Zy 
§ 
which by Equation 21 is 


Thus the gas temperature log crosses the geothermal 
gradient at this point. 


DETERMINATION OF AMOUNT OF GAS PRODUCED 


As shown by Equations 12 and 19 the amount of gas 
produced M is related to the length L of the sub-tangent, 
obtained as in Fig. 2, by the equation 


The magnitude of C is therefore seen to depend on the 
length of time the well had been flowing before the 
temperature log was run. This arises from the fact 
that the temperature gradient about the hole will de- 
crease with time and less heat will be conducted to 
the gas for the same temperature difference T’ — T. 


According to Equations 6, 19 and 24, the constant C 
is given by 


(=) 
2 7Ka or 
Ces r= a 


For the computation of the second factor in Equa- 
tion 25, we will consider the case where the tempera- 
tures T of the borehole and T’ of the formation are 
independent of z. 


The temperature T(r) in the formation just outside 
the borehole should be very nearly logarithmic with 
r and given by 


log 


log 2 


(26) 
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T 
a 


where 7, is the temperature at r = 2a and T is the 
temperature at the wall of the borehole. From this 
equation 


oT 37 
ar eae, alog2 . . . . . . . . . ( ) 
which substituted in Equation 25 gives: 
= 0.062622 (28) 


Here we have taken 

K = 0.0041 calories/degree-cm* 

C, = 0.593 calories/degree-gm (methane). 
Changing the system of units so that M is measured in 
thousands of cubic feet per day and L is measured in 
feet, the expression for C becomes: 
The ratio of temperatures (fT, — 2)/(T’ — T) as a 
function of time was obtained numerically by using a 
finite difference approximation to the heat flow equa- 
tion. The graph of C vs time as given in Fig. 3 then 
results. 


C= 817 (29) 


CON GL Us LO 


A method for the investigation of gas producing 
wells has been described, which essentially involves 
the recording of detailed temperature logs by means 
of a special high speed thermometer, and wherein the 
radioactivity and Induction Logs constitute the auxiliary 
documents. 


With this method, the temperature logs determine the 
exact location of the gas producing zones. In favorable 
cases, they also give an approximate estimation of 
the amount of gas produced by each separate zone. 
The other logs give an approximate delineation of 
the reservoir formations. 


The application of the method has shown that the 
gas producing zones are not always located at the 


*See first Footnote page 113. 
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same depths as the main reservoir formations, but 
rather within shaly intervals, which contain a great 
number of sand-shale interfaces. This tendency is em- 
phasized after hydraulic fracturing. 

It has also been observed that the gas very often 
does not enter the wells at the same depths before 
and after hydraulic fracturing. 


On the basis of these observations, a tentative con- 
clusion has been reached that the ways opened by 
hydraulic fracturing are not necessarily at the right 
place for the most efficient drainage. 


A mathematical study has provided the basis for 
the interpretation of the temperature logs, by deter- 
mining the characteristic shape and significant features 
of the temperature curve opposite and above a gas 
producing zone. 
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Since the introduction of the relative permeability 
concept in the middle thirties’? various investigators 
have shown®””**** how the basic equations for the 
flow of oil and gas through porous media can be 
utilized to compute the recovery from depletion type 
or solution gas drive type reservoirs under certain con- 
ditions, when the necessary physical data pertaining 
to the reservoir rock and its reservoir fluids are known. 


In the study by Muskat and Taylor” in 1945, the 
effects of viscosity, gas solubility, shrinkage, and the 
permeability-saturation characteristics of the produc- 
ing formation on the production histories and the re- 
covery of gas drive reservoirs were analyzed. Each 
parameter was varied a limited number of times, while 
keeping the others constant. The work was not carried 
to the point where the data could be used directly to 
estimate the primary recovery in those cases where 
certain rock and fluid characteristics were known or 
could be assumed. 


Since the publication of this classic study, the work 
by Beal in 1946” and Standing in 1952” has established 
general correlations of oil viscosity and shrinkage with 
gas solubility and oil gravity. In addition, a considerable 


Paper presented at AIME Annual Meeting in Chicago Feb. 13-17, 
1955. Original manuscript received in Petroleum Branch office on 
Dec. 30, 1954. Revised manuscript received July 7, 1955. 

1References given at end of paper. 

Discussion of this and all following technical papers is invited. 
Discussion in writing (3 copies) may be sent to the offices of the 
Journal of Petroleum Technology. Any discussion offered after Dec. 
31, 1955, should be in the form of a new paper. 
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aumber of relative permeability relationships for 
different types of reservoir rocks has been pub- 
lished**°°*79) Also, the burden of the numerical work 
required in the solutions of the differential equation has, 
during the last few years, been greatly reduced with 
the availability of modern electronic computing facilities. 

The purpose of this paper is therefore to present 
the results of a large number of such recovery com- 
putations covering the normal range of variation of the 
main parameters such as the type of rock, the API 
gravity of the oil, and the amount of gas in solution. 

As is to be expected, the ultimate recovery is found 
to increase with the oil gravity, except for the higher 
solution gas-oil ratios. 

Within the normal range of solubilities, the ultimate 
recovery generally appears to decrease with the amount 
of gas in solution for the higher oil gravities, and to 
show a slight increase for the lower oil gravities. Inter- 


mediate oil gravities seem to fall between the two 
trends. 


The type of reservoir rock, as identified by its rela- 
tive permeability relationship, appears to have a very 
pronounced effect on the ultimate recovery. In gen- 
eral, sands and sandstones show higher recoveries than 
limestones and dolomites, although certain intergranular 
limestones seem to show a higher theoretical recovery 
than unconsolidated sand. The recovery from sands 
and sandstones generally decreases with increasing 
cementation and consolidation, while the recoveries 
from limestones and dolomites are highest for the inter- 
granular type and lowest for the fracture type porosity. 
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STATEMENT OF THE PROBLEM 


Reservoirs of the depletion type which lack the aid 
of a natural water influx, due to low permeability or 
absence of an aquifer, generally show disappointingly 
low recoveries by primary means, of the order of only 
10 to 30 per cent of the oil in place. This low recovery 
efficiency presents a challenge to the reservoir engineer. 
Most of the newer depletion type fields—which are of 
sufficient size and where stimulation of the natural 
forces by fluid injection is economically feasible—are 
therefore rarely left alone to be depleted by their nat- 
ural primary mechanism. 


Since recommendations for fluid injection programs 
always need economic justification, and since the same 
reservoir cannot be produced more than once, a thor- 
ough understanding of the factors contributing to the 
primary recovery without fluid injection is of vital 
importance. To cover all possible variables which could 
enter the picture in a general study such as this would 
be impractical. It is the purpose of this paper, there- 
fore, to study the effect of the most important variables 
on the ultimate recovery while keeping those of lesser 
significance constant. 


The most important variable appears to be the type 
of reservoir rock as identified by its relative permeability 
relationship. By selecting six different curves—covering 
maximum, minimum and average conditions for both 
sandstones and limestones—a fairly good coverage of 
the range of the most common types of producing 
formations was obtained. 


Next in importance are the types of reservoir fluids 
within the rock. By means of the correlations estab- 
lished by Beal” and by Standing” the range of possible 
combinations was covered by choosing three different 
crude oil gravities, 15, 30 and 50° API, and solution 
gas-oil ratios ranging up to 2,000 cu ft/bbl. Selection 
of the crude oil gravity and the amount of gas in 
solution defines the viscosity and shrinkage relation- 
ships as well as the pressure and the temperature of the 
reservoir system. 


To confine the computations to these main variables, 
the following simplifications were introduced: 


1. The crude oil in the reservoir is at the bubble 
point. 


2. There is no free gas cap. 


. There is no water influx. 


. There is no gravity drainage effect. 


. There is no injection of either gas or water. 


. Connate water is assumed to be 25 per cent in 
the sands and sandstones and 15 per cent in the lime- 
stones and dolomites. 

7. The relative permeability ratio (k,/k,) is inde- 
pendent of the presence of an immobile connate water 
phase within the range of connate water values nor- 
mally encountered’. 

8. There is no vaporization hysteresis. 

9. The dissolved gas is assumed to follow an em- 
pirical relationship between gravity and saturation pres- 
sure, which ranges from 1.5 at lower pressures to .75 
at higher pressures. 

10. The producing reservoir is a porous medium 
uniform horizontally and vertically and containing oil, 
gas, and water in continuous equilibrium. 
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11. The abandonment pressure is 10 per cent of the 
initial pressure. 


12. The effect of production rate, selective produc- 
tion, and well spacing is disregarded. 


13. The computed pressure-saturation relationship at 
the reservoir boundary is representative of the average 
pressure-saturation relationship of the entire drainage 
area’. 


DERIVATION AND SOLUTION OF THE 
DEPLETION EQUATION 


The Equation of Continuity for Oil is obtained by 
setting the derivative with respect to time of the amount 
of oil present in a unit volume of reservoir rock equal 
to the difference between inflow and outflow. In a like 
manner the Equation of Continuity for Gas is derived. 
To simplify the solution of these two differential equa- 
tions, only the reservoir boundary conditions are con- 
sidered where the pressure gradient is zero. It is also 
assumed that the porosity and connate water saturation 
are constant and that the gas-oil ratio function bid? - 

Mg 
may be considered as essentially constant for small 
changes in oil saturation and pressure. After this sim- 
plification, the Equation for Gas is divided by the 
Equation for Oil, resulting in the following Depletion 
Equation: 


In this equation all symbols correspond to the nomen- 
clature list at the end of this paper and are in accord- 
ance with the list of letter symbols for reservoir engi- 
neering approved by the Petroleum Branch Executive 
Committee of the AIME and published in the Jan. 
1955, issue of the JOURNAL OF PETROLEUM TECHNOLOGY, 
except that s replaces the derivative of solubility, 


AR, , which is assumed to be constant, and that b 


Ap 

replaces the derivative of the oil formation volume 

factor, AB, which is also assumed to be constant. 
Ap 


Both the solubility and oil formation volume factor 
curves appear to be essentially straight lines over the 
pressure interval between the assumed economic limit 
pressure and the bubble point pressure. 

In solving the depletion equation numerically, the 
following factors — which are functions of pressure 
only — were first calculated at various intervals from 
the bubble point to the economic limit pressure: 


1 AB, b bo and Se AB, 
Boa Ap Peg Be Ap 


This total pressure range was then divided into 10 
lb increments of Ap and the above functions were 
obtained by interpolation. 


In each individual computation the value of S, 
previously calculated was kept constant, which fixed the 
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ric. 1 — RELATIVE PERMEABILITY RATIO FOR SANDS 
AND SANDSTONES VS TOTAL LIQUID SATURATION. 


k,/k, value and determined for that step the values of 


Ke andi + Be Ke 
B, bg k, bg kan 


By dropping the pressure over the small increment 
Ap the corresponding drop in oil saturation AS, was 


computed from the value given, which in turn led 


to the new S, value. 

The process was then repeated until the abandonment 
pressure was reached. 

From the initial oil saturation S$, and the initial oil 
formation volume factor B, together with the oil sat- 
uration S,’ and oil formation volume factor B,’ at the 
economic limit, the recovery factor is then computed 
by means of: 

Recovery factor = 77.58 — STB/acre- 


ft/per cent porosity. 


THE RANGE OF RELATIVE PERMEABILITY- 
SATURATION RELATIONSHIPS 


A search of recent literature on the subject showed 
a substantial number of relative permeability data for 
many different types of rock. This data together with 
some unpublished curves is reproduced on Fig. 1 for 
sands and sandstones and on Fig. 2 for limestone, 
dolomite, and chert formations. It may be noted that 
the range in the data on Fig. 1 is not as wide as it is 
on Fig. 2. 


For the sand and sandstone computations three 
cases were selected, which are indicated on Fig. 1 
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with heavy lines and which are deemed to represent 
fairly well the entire possible range by providing a 
maximum, a minimum, and an average k,/k, relation- 
ship. The maximum curve seems to be typical of un- 
consolidated sands, while the minimum curve appears 
to be more representative of highly cemented sand- 
stones. The average curve can be considered typical 
of the average consolidated sand or sandstone. 

For the limestone, dolomite and chert formations on 
Fig. 2 the spread in the k,/k, curves is considerably 
wider. Fractured chert seems to be the steepest and 
most unfavorable. At the other end of the range no 
well defined maximum case is apparent, although the 
curve numbered 23, adopted from Bulnes and Fitting”, 
representative of 26 samples from West Texas Permian 
dolomite, seems to be the best choice. The presence 
of intergranular or pinpoint-type porosity in limestones 
seems to point to a more favorable k,/k, curve, although 
it is not readily understood why this curve should even 
be better than the one for unconsolidated sand. This 
also applies to the indicated critical gas saturation 
which is very high. The curve selected as more or less 
average on Fig. 2 appears to be typical of the vugular 
types of limestone. 


CHARACTERISTICS OF RESERVOIR 
OIL AND GAS 


Correlations of the physical characteristics of oil 


and gas with the API gravity of the oil, specific 
gravity of the gas, bottom hole pressure, and bottom 
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Fic. 2— RELATIVE PERMEABILITY RATIO FOR LIME- 
STONE, DOLOMITE, AND CHERT FORMATIONS vs TOTAL 
LiQuID SATURATION. 
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hole temperature have been published by various in- 

The significant characteristics of a saturated res- 
ervoir oil for the purpose of the depletion calculations 
are the viscosity ratio of oil to gas p./pu,, the forma- 
tion volume factor for the oil B,, the slope of the oil 
formation volume factor curve b, the slope of the gas 
solubility curve s, and the gas formation volume fac- 
tor B,. 


The correlations established by Bicher and Katz’, 
and by Beal” show the gas viscosity u, as a function 
of gas gravity, pressure, and temperature, and the oil 
viscosity »., as a function of gas-free crude oil gravity, 
temperature, and amount of gas in solution. 


The correlations established by Standing* show the 
gas solubility and the oil formation volume factor B, 
for a given pressure, temperature, oil gravity, and gas 
gravity. 

The combination of these correlations therefore made 
it possible to determine all the significant characteristics 
of a “synthetic” saturated reservoir oil when the oil 
gravity and the total amount of gas in solution were 
given. In order to make this determination, a solution 
gas gravity was needed and an empirical relationship 
between the gravity of gas in solution and the bubble 
point pressure was assumed. 

To cover the possible range of oil gravities with a 
low, high, and intermediate value for interpolation pur- 
poses, the characteristics of synthetic saturated oils were 
computed for gas-free crude oil gravities of 15°, 30° 
and 50° API. A range of solution gas-oil ratios of 60, 
200, 600, 1,000 and 2,000 cu ft/bbl was then combined 
with the three chosen oil gravities to yield the necessary 
saturated crude oil systems. 

By means of Standing’s charts for each combination 
of oil gravity and solution gas-oil ratio the required 
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30° API OIL 


1,000 


GAS FORMATION VOLUME FACTOR, (Bg) 
OIL - GAS VISCOSITY RATIO 


8984 8384 6456 | 4957 


| Bo | (007+ | 1017 + 00238 p | 1054 + | 1.9 + 00139 p | 


| 
| Temp 82°F 100° F | T70° F | 280°F | 


10 100 1,000 
PRESSURE - (ATMOSPHERES ABSOLUTE) 


Fic. 4— Gas FORMATION VOLUME FACTOR AND OIL- 
Gas Viscosity RATIO vS PRESSURE FOR 30° API OIL. 


bubble point pressure and reservoir temperature were 
determined, together with the oil formation volume 
factor-pressure relationship and the slope of the solu- 
bility curve. With the aid of Beal’s charts the oil and 
gas viscosities and their ratio p/p. were determined 


50° API OIL 


10,000 


+8 1,000 


OlL - GAS viSCosiTY RATIO 


GAS FORMATION VOLUME FACTOR, (Bg) 


Bo | 1006 + 00523p | L010 + COSIFp | 1035 + 00507» 1042 + 00481 p | 1125 + 0039p | 
TEMP 80°F | 87°F 45°F 270° F | | 


10 100 
PRESSURE - (ATMOSPHERES ABSOLUTE) 


Fic. 5— Gas FORMATION VOLUME FACTOR AND OIL- 
Gas Viscosity RATIO vS PRESSURE FOR 50° API Ot. 
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at reservoir temperatures for the given amount of gas 
dissolved and the forementioned assumed gas gravities. 
The gas formation volume factor curve was further 
determined by means of the Brown method’. The char- 
acteristics of the synthetic oil-gas systems thus arrived 
at are shown on Figs. 3, 4, and 5 for gas-free crude 
gravities of 15, 30, and 50° gravity API, respectively. 


RANGE OF PRIMARY RECOVERY FROM 
A DEPLETION TYPE MECHANISM 


The saturation-pressure history for each of the six 
different types of reservoir rock and the 12 synthetic 
oil-gas systems was computed by integrating Equation 
13. The numerical work was carried out with IBM 
computing machines and the results are presented on 
Figs. 6, 7, 8, 9, 10 and 11 as recovery factor vs 
pressure. The recoveries at the assumed economic limit 
of 10 per cent of the bubble point pressure are enu- 
merated in Table 1. For convenience the results are 
in terms of STB/acre-ft/per cent of porosity. 

It should be emphasized that there are potential 
hazards in using generalized recovery data of this type. 
It is always preferable to use the actual physical data 
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on reservoir rock and its contents, when such data 
is available. This is oftentimes not the case, however, 
certainly not during the initial stages of the development 
of an oil field, when information on potential recoveries 
is most needed. The data presented in Table | may then 
be helpful in establishing the possible range of such 
recoveries. 


COMPARISON WITH ACTUAL RECOVERIES 


In a study made by the well spacing committee of 
the API” the indicated recoveries of a number of 
actual reservoirs are listed, together with the data on 
porosity, gas in solution, shrinkage, etc. On the chart 
of Fig. 12 the recoveries of these reservoirs designated 
as being of the depletion or solution gas drive type are 
plotted against the reported crude oil gravity. This 
data is supplemented by other recoveries taken from 
the literature. When known, gas-oil ratios are shown 
near’ the individual points. On this same chart are 
also shown the calculated recovery curves for the three 
types of sandstones and three types of limestones for a 
gas-oil ratio of 400 cu ft/bbl. 
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As can be seen from Fig. 12, most of the points 
fall well within the range indicated by the different 
curves, which in turn supports the validity of the 
methods used. It is believed that the few fields which 
show recoveries higher than indicated by the maximum 
curves are probably aided by either a partial water 
drive or gravity drainage effects. 


TABLE 1 — PRIMARY RECOVERY IN STOCK TANK BARRELS PER ACRE-FOOT 
PER PER CENT POROSITY FOR DEPLETION TYPE RESERVOIRS 


Oil 
Solution Oil Sand or Sandstone Limestone, Dolomite or Chert 
GOR Gravity——__—_ = 
Cu Ft/Bbl ° API Maximum Average Minimum Maximum Average Minimum 
60 15 he? 4.87 1.44 17.87 2.56 .36 
30 11.95 8.52 4.88 20.87 6.29 1.85 
50 19.20 13.89 9.46 24.78 11.84 5.07 
200 15 6.97 4.62 1.75 16.33 2.65 ou 
30 7.90 4.38 19.05 5.75 
50 19.42 13.73 Jes) 23.44 11.40 4.36 
600 15 7.56 4.76 2.50 12.69 Sey) 90 
30 10.48 6.52 3.61 14.64 4.70 (1.24) 
50 15.05 9.74 5.85 17.30 7.25 (2.06) 
30 12.34 7.61 4.52 13.26 5.38 (1.63) 
50 11.96 7.15 4.10 12.79 4.83 (1.24) 
50 10.58 6.45 4.04 9.64 (4.26) (1.47) 
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1. Recovery factors in line with those indicated by 
actual depletion type reservoirs can be obtained from 
the depletion equation using published correlations of 
physical characteristics of oil, gas, and reservoir rock. 

2. The recovery of oil from a depletion type res- 
ervoir can be correlated with the solution gas-oil ratio, 
the API gravity, and the type of reservoir rock. 


Symbol Definition Units 
Reservoir oil viscosity. centipoises 
wz Reservoir gas viscosity. centipoises 
k, Effective permeability to oil. Darcies 
k, Effective permeability to gas. Darcies 
S, Oil saturation as fraction of total fraction 

pore space. 
S, Water saturation as fraction of fraction 
total pore space. 
A Difference symbol. 
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Fic. 10 — SATURATION-PRESSURE HISTORY OF LIME- 
STONE WITH AVERAGE k,/k,. 
B, Oijl formation volume factor ex- ratio 
pressed as the ratio of the res- 
ervoir oil volume to the stock 
tank oil volume. 
B, Gas formation volume factor ex- ratio 
pressed as the ratio of the vol- 
ume of gas under standard 
conditions to the volume of 
gas under reservoir conditions. 
p Reservoir pressure. atmospheres 
absolute 
R, Solution gas-oil ratio expressed ratio 
as volume of gas under stand- 
ard conditions to volume of 
stock tank oil. 
s Derivative of solubility-pressure ratio 
(constant) 
function 
b Derivative of oil formation vol- ratio 
ume factor-pressure function (constant) 
AP 
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ANALYSIS of RESERVOIR PERFORMANCE ky, |/k, CURVES 
and a LABORATORY k,; /k, CURVE MEASURED on 


ASB 


Two methods are used to obtain 
the relationship between ratio of gas 
to oil permeability and gas saturation. 
One method is to calculate a curve 
from field measurements of reservoir 
behavior: the other is to measure the 
relationship on a core sample in the 
laboratory. The curves resulting from 
these two methods are often com- 
pared and seldom found to agree. 
The most important reason for the 
nonagreement is often overlooked. 
This reason is that the performance 
k,/k, curve is calculated with the 
assumption of uniform pressure and 
saturation throughout the reservoir. 


To show the difference between 
performance type k,/k, curves and 
laboratory type k,/k, curves, two per- 
formance type k,/k, curves for two 
different production rates were calcu- 
lated from the production perform- 
ance of a hypothetical reservoir for 
which a laboratory type curve was 
assumed. Production performance of 
the hypothetical reservoir was calcu- 


Paper presented at Pacific Petroleum Chap- 
ter Fall Meeting in Los Angeles Oct. 7-8, 
1964. Original manuscript received in Petro- 
leum Branch office on Sept. 3, 1954. Revised 
manuscript received July 13, 1955. 
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lated by use of International Business 
Machine’s 701 Computer. The per- 
formance type k,/k, curves differed 
from the laboratory curve for the 
hypothetical reservoir. The perform- 
ance type curve for the lowest pro- 
duction rate most nearly coincided 
with the laboratory curve. 


Predictions of oil reservoir per- 
formance are often made with the aid 
of complex numerical calculations. 
An important quantity required in 
these calculations is the ratio of gas 
permeability to oil permeability 
(k,/k,) at a particular gas saturation. 
Two methods are used to obtain a 
relationship between this ratio and 
gas saturation. The curves resulting 
from these two methods are called 
performance k,/k, curves and lab- 
oratory k,/k, curves. 

The performance curve is obtained 
from field measurements of reservoir 
behavior. Particular k,/k, values are 
calculated from the producing gas- 
oil ratio, the cumulative reservoir 
withdrawals, the original oil in place, 
the average reservoir pressure, and 


the PVT properties of the reservoir 
fluids. The particular k,/k, values are 
then plotted against the average res- 
ervoir gas saturations for the entire 
history period. In order to use this 
derived k,/k, relationship for per- 
formance predictions, a curve through 
these points is extrapolated to higher 
gas saturations. 

The laboratory k,/k, curve is ob- 
tained from measurements made on 
core samples. Saturation is main- 
tained uniform throughout the core 
during these measurements. 

The k,/k, curves obtained with 
these two independent methods are 
often compared and seldom are found 
to be the same. Various reasons have 
been offered for the lack of correla- 
tion. One is that insufficient cores 
were obtained to derive a curve rep- 
resentative of the reservoir rock. An- 
other is that laboratory methods have 
failed to reproduce reservoir condi- 
tions. The most important reason for 
the noncorrelation has been often 
overlooked because of the difficulty 
in evaluating its effect. This reason 
is that the performance or field k,/k. 
curve is calculated with the assump- 
tion of uniform pressure and satura- 
tion throughout the reservoir. In any 
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reservoir producing fluids there must 
be a pressure and saturation grad- 
ient, even though those gradients be 
small. Therefore, the assumption of 
uniformity never is fulfilled in prac- 
tice. 

Results presented in this paper 
snow that the performance k,/k, 
curve should never correspond to the 
laboratory derived curve. The method 
used to demonstrate the difference in 
the two curves was to calculate the 
performance of an example reservoir. 
This reservoir was a radial system 
800 ft in diameter producing into a 
9¥8 in diameter well. Porosity and 
specific permeability were assumed to 
be uniform throughout the reservoir. 
The relative oil and gas permeabilities 
were assumed to be only a function 
of saturation. The fluid viscosity and 
phase properties were assumed to be 
only a function of pressure. Two pro- 
duction schedules were used for the 
reservoir. The saturation and pressure 
gradients at specific times for each 
schedule were calculated by IBM’s 
701 Computer. Calculation of the 
performance k,/k, curve for this res- 
ervoir showed that each performance 
curve differed markedly from the lab- 
oratory curve. 

The need for this analysis arose 
while studying specific oil reservoirs. 
In those studies, the performance and 
laboratory k,/k, curves for a particu- 
lar reservoir differed by a larger 
amount than could be attributed to 
errors in field or laboratory measure- 
ments. 


METHODS OF OBTAINING 
k,/k, CURVES 


LABORATORY k,/k, CURVE 


Laboratory measurements of oil 
and gas permeabilities usually are 


| 
+ 


| 
t 
| 


fe} fe) 3 
| | 
| 
| 
i— 
| 


RELATIVE OIL AND GAS PERMEABILITY, PER CENT 
8 
2 


70 80 90 100 
TOTAL LIQUID SATURATION, PER CENT 


Fic. 1 — LABORATORY RELATIVE GAS 
AND OIL PERMEABILITY VS TOTAL 
LIQUID SATURATION. 


VOL. 204, 1955 


performed on 1-in core plugs. Equip- 
ment used in these measurements has 
been designed to maintain a constant 
saturation throughout the core during 
a particular measurement. Recent ex- 
periments in the laboratory have been 
made on cores 12 in long and 2% 
in. in diameter. In these tests, even 
though a measureable saturation gra- 
dient existed along the core length, 
measurements were made with re- 
spect to a small length wherein the 
saturation was essentially constant. 
The result of these experiments is 
that laboratory k,/k, values refer to 
a specific saturation at a particular 
point in a porous medium. 


Many laboratory measurements 
have been made by California Re- 
search Corp.’ and other research lab- 
oratories.’ All results of these meas- 
urements gave the same general shape 
of relative permeability curves. The 
curves of oil and gas permeabilities 
presented in Fig. 1 are typical of 
these results. They do not refer to 
any particular sandstone, but were 
selected as being representative of an 
average consolidated reservoir sand. 


One important feature of all lab- 
oratory relative permeability curves 
is the existence of a critical gas sat- 
uration. In this paper critical gas 
saturation is defined as the largest gas 
saturation that can exist in a porous 
medium subjected to a pressure grad- 
ient without movement of free gas. 
The critical gas saturation shown on 
Fig. 1 is 10 per cent. The previously 
mentioned references have found crit- 
ical gas saturations in the range be- 
tween 5 and 20 per cent. 


RESERVOIR PERFORMANCE k,/k, 
CURVE 

In order to obtain a reservoir per- 
formance k,/k, curve, the perform- 
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ance of a particular reservoir must 
be known. In this particular study, 
the reservoir performance was calcu- 
lated for a hypothetical reservoir. 
The first step in calculating the per- 
formance of the example reservoir 
was to select specific values of rock 
and fluid properties that were repre- 
sentative of typical oil reservoirs. The 
relative gas and oil permeability satu- 
ration relationships used for the ex- 
ample reservoir performance calcula- 
tion were the laboratory curves given 
in Fig. 1. The basic fluid properties 
are given in Figs. 2 and 3. They were 
obtained from general correlations” * 
for a hydrocarbon system composed 
of a 40° API oil and 0.7 gravity gas. 
The bubble point pressure of the sys- 
tem is assumed to be 5,000 psia. The 
reservoir temperature is assumed con- 
stant at 180° F. Initial pressure of 
the reservoir is assumed to be at the 
bubble point. 


The example reservoir is a radial 
system with outer boundary radius of 
400 ft, a wellbore diameter of 9% in 
and a thickness of 100 ft. Reservoir 
behavior was calculated for two pro- 
duction schedules. In each schedule 
the reservoir was produced at a con- 
stant rate until the flowing bottom 
hole pressure was reduced to 500 
psia. At that point the flowing pres- 
sure was held constant and the pro- 
duction rate dictated by the reser- 
voir characteristics. The two initial 
oil rates were 1,000 and 100 B/D. 

These calculations were performed 
by IBM’s 701 Computer. Satisfactory 
numerical methods’ have been re- 
cently obtained for solving the equa- 
tions of unsteady-state two-phase 
flow in oil reservoirs. The pressure 
and saturation distributions for the 
1,000 B/D initial rate at five different 
times are plotted on Figs. 4 and S. 
The pressure and saturation distribu- 
tions for the 100 B/D initial rate are 
plotted on Figs. 6 and 7. 

Fluid flow at every point in the 
example reservoir was governed by 
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the specific fluid and rock relation- 
ships given in Figs. 1, 2, and 3. The 
equation relating the flowing gas-oil 
ratio to these variables for a specific 
pressure and saturation is as follows: 


(1) 
where 

= flowing GOR, std cu ft/STB 

S = solution GOR, std cu ft/STB 


k 

= = ratio of gas permeability to 
oil permeability 

Ho 


= ratio of oil viscosity to gas 
Me viscosity 

8 = oil formation volume factor, 
reservoir bbl/STB 


«x = gas formation volume factor, 
reservoir cu ft/std cu ft 


Equation 1 is used by field engi- 
neers to calculate reservoir perform- 
ance k,/k, curves. The quantities 
used by field engineers to evaluate 
Equation 1 are as follows: (1) the 
average static reservoir pressure; (2) 
the average reservoir gas saturation; 
and (3) the producing gas-oil ratio. 

Specifically in Equation 1, the pro- 
ducing gas-oil ratio is entered as R; 
the solution gas-oil ratio, viscosities, 
and formation volume factors:are se- 
lected at the average reservoir pres- 
sure and entered as S, p., pg, 8, and 
«x; and Equation 1 is solved for 
plotted against the corresponding av- 
erage reservoir gas saturation. Use of 
Equation 1 in this manner presup- 
poses that no pressure or saturation 
gradients exist in the reservoir. In 
practice this assumption is never true 
because the producing gas-oil ratio is 
measured at the wellbore face which 


130 


100-4 T 
WELL. RADIUS 04 al 
OR 41% INCHES 


WA 
DAYS 
a 85} bs 
22 pays | +71 
> 80 = 
76 DAYS ited 
af 
118 DAYS 
70 


6810 20 406810 20 406080190 200 
DISTANCE FROM CENTER OF WELL BORE, FEET 
Fic. SATURATION vs DIs- 
TANCE FROM CENTER OF WELLBORE, 
1,000 B/D IniTIAL RATE. 


under producing conditions has a 
lower pressure than the field average. 
Therefore, an equation that refers to 
a particular point is used with quanti- 
ties that pertain to different points in 
the reservoir. 


SW 


After the IBM 701 Computer cal- 
culated the saturation and pressure 
distributions existing in the example 
reservoir at different times, results 
were available that permitted calcula- 
tion of a field performance k,/k, 
curve for the example reservoir in the 
same manner that is used by field 
engineers. Two performance k,/k, 
curves are given in Fig. 8 that corre- 
spond to the two production sched- 
ules. Also, the laboratory k,/k, curve 
is given in Fig. 8 for comparison. Al- 
though the performance k,/k, curves 
are restricted to the example reservoir 
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produced with the chosen programs, 
the general position of the perform- 
ance curves with respect to the lab- 
oratory curve should be characteris- 
tic of all performance k,/k, curves. 


One striking feature of the per- 
formance k,/k, curve is that the criti- 
cal gas saturation has shifted to a 
lower value than that of the labora- 
tory curve. The reason for this is evi- 
dent when one considers that free gas 
may be flowing from a small volume 
at the lower pressure in the neighbor- 
hood of the borehole with no free 
gas flowing from the remaining large 
volume of the reservoir at the higher 
pressure. Thus, k,/k, can be greater 
than zero for average reservoir gas 
saturations that are much less than 
the critical gas saturation of the lab- 
oratory measurement. 


Another feature of the perform- 
ance curve, particularly that one as- 
sociated with the 1,000 B/D initial 
oil rate, is the several pronounced 
humps. The laboratory curve in com- 
parison is monotonic. The changes 
in curve shape were associated with 
pressure and saturation transients 
and the change in production pro- 
gram when the flowing bottom hole 
pressure fell to the minimum value. 


All differences between the two 
type curves given in Fig. 8 are caused 
by calculating gross reservoir behav- 
ior with an equation that refers to 
a particular point in the reservoir. 


CONCLUSIONS 


If the relative permeability curves 
used in this study describe simultan- 
eous flow of gas and oil in a solution 
gas drive reservoir, then the following 
conclusions can be made: 
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Curves A and B are calculated from the produc- 
tion performance of the hypothetical reservoir; for 
Curve A initial production rate was 1,000 B/D, 
and for Curve B initial production rate was 100 
B/D. Curve C was measured in laboratory on a 
core sample and was part of basic data used in 
calculations to obtain production performance of 
hypothetical reservoir. 


This paper demonstrates a major 
cause for the difference between lab- 
oratory and field performance k,/k, 
data. However, since laboratory meas- 
urements of fluid and rock proper- 
ties do not exactly represent the 
reservoir, there is some question as 
to whether the time and expense of 
the accurate numerical procedure and 
machine computation advocated in 
this paper is justified at the present 
time for predicting gross field per- 
formance. Until variations in the res- 
ervoir geometry and properties can 


THOMAS S. HUTCHINSON 


1. The method used by field engi- 
neers in making calculations of per- 
formance k,/k, curves will never 
give exactly a laboratory k,/k, curve, 
even though the behavior of every 
point in the reservoir is governed by 
the laboratory k,/k, curve. The per- 
formance and laboratory k,/k, curves 
are most different at low gas satura- 
tions. The lower the production rate, 
the more nearly the two curves will 
coincide. 

2. Even if the laboratory k,/k, 
curve which governs flow behavior in 
the reservoir is smooth, the perform- 
ance k,/k, curve can have distinct 
humps. These humps are associated 
with transient behavior of the reser- 
voir and changes in production pro- 
gram. Therefore, the extrapolation of 
the performance type curve for pre- 
diction purposes should be done with 
caution. 

3. The best use of laboratory k,/k, 
curves could be achieved by calculat- 
ing reservoir behavior on a_ high 
speed digital computer such as an 
IBM 701. 


DISCUSSION 


ATLANTIC REFINING 


MEMBER AIME DALLAS, TEX. 


be sufficiently defined, we might ask 
if the errors in the results obtained 
when assuming idealized geometry 
and uniform permeability and poros- 
ity are much less than the errors ob- 
tained with the additional assumption 
of uniform saturation. The answer 
may well be yes and that the im- 
proved accuracy justifies the more 
lengthy and expensive calculation, 
but this question has not been an- 
swered. It is, of course, obvious that 
such a calculation is warranted when 
examining such theoretical problems 
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as the effect of rate on recovery, but 
the question we ask concerns the 
prediction of reservoir performance 
for engineering purposes. 

In their Conclusion 2, the authors 
caution the reader against extrapolat- 
ing performance k,/k, data for pre- 
diction purposes. With laboratory 
data and the standard calculating 
procedures, no extrapolation should 
be necessary. The field data and the 
authors’ explanation for the differ- 
ence between laboratory and field 
data should then serve as a check on 
the reasonableness of the results. 


AUTHORS’ REPLY to THOMAS S. HUTCHINSON 


The authors agree with Thomas S. Hutchinson that 
field data are subject to many inaccuracies. It seems to 
us that an investigation of the affect of these inaccura- 
cies could easily be done with the aid of a high speed 


computing machine. It is interesting to note that the 
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cost of computing reservoir behavior with a high speed 
computer, once computer procedures have been com- 
pleted, is relatively low. For example, a complete solu- 
tion of the type given in the paper costs less than $100. 
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A METHOD for NEUTRON DERIVED POROSITY 
DETERMINATION for THIN BEDS 


J. M. EDWARDS 
A. L. SIMPSON 


McCULLOUGH TOOL CO. 
LOS ANGELES, CALIF. 


The application of the Scintillometer to radioactivity 
surveys in boreholes of oil wells has made it possible to 
determine bed thickness with a high degree of accuracy. 
This fact, combined with known relation of logging 
variables, makes thin bed porosity determination prac- 
tical. 


With the use of the Scintillometer a method has been 
derived whereby the apparent level of radiactivity, as 
recorded on radiation logs, may be converted to the true 
level. The true level of radioactivity is that level to 
which the recording pen would have traveled had the 
detector remained at a given depth for an infinitely long 
period of time. This factor is: 

L/D 


gi? where R, is the true 


radioactivity level, R, is the apparent radioactivity 
level, T is the bed thickness, D is drag, and L is the 
length of the detecting system. This method depends 
entirely on accurate measurements of bed thickness and 
drag. A thorough discussion of the concept of time 
constant and logging speed as related to drag is under- 
taken. 


Neutron curve interpretation has become one of the 
accepted methods for porosity determination in oil field 


1References given at end of paper. 
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practices. A great deal of literature has been published 
about neutron derived porosities, but this has been 
concerned with thick beds, or possibly even averaging 
of a series of thin beds as a single unit. There has been 
a lack of written information on methods whereby 
porosity can be evaluated for beds less than 10 ft in 
thickness. 

In certain areas, production is derived from rela- 
tively thin formations. The importance of thin bed 
evaluation, the fact that the Scintillometer is an ade- 
quate tool for this application, and the general lack 
of published information concerning neutron porosity 
for thin beds are the fundamental reasons for pre- 
senting this method of porosity determination. This 
concept is not put forth with the idea of discounting 
existing methods, but is merely suggested as a modi- 
fication of other accepted methods of porosity deter- 
mination which makes no allowance for quantitative 
evaluation of thin beds. The effects on the neutron 
log of counting statistics, statistical variation in the 
porosity of earth materials, and hole size must be 
taken into account to obtain neutron derived porosities. 
Since these effects have been described in past litera- 
ture, the authors have not made an attempt to go into 
the subject in detail. With the use of statistical and 
repeated sections on the log, it may be determined 
which responses on the log actually correspond with 
lithologic changes. 


EFFECT OF DRAG AND ITS RELATIONSHIP 
TO TIME CONSTANT AND LOGGING SPEED 


Before entering into a discussion of porosity deter- 
mination of thin beds, there should be a thorough 
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Fic. 1— SHOWING THE EFFECT OF DRAG AND BED 

THICKNESS ON THE GAMMA Ray CURVE. THE UPPER 

SHALE REPRESENTS A TYPICAL THIN BED. D = DRraa, 
T = BED THICKNESS. 


understanding of the concept of drag, as related to 
time constant and logging speed. 

1. Drag is the vertical distance travelled by the log- 
ging tool in the hole while the recording pen is respond- 
ing to an abrupt change of radioactivity level at the 
boundary of adjacent beds (see Fig. 1). Because of 
the time constant of the recording and counting in- 
struments, the recording pen will not respond instantly 
to an abrupt change in level of radioactivity to which 
the Scintillometer may be exposed. For thin beds max- 
imum deflection may never be reached. For thicker 
beds, the pen will approach a maximum deflection 
which corresponds to the true radioactivity level of the 
formation. Drag is defined by the following equation: 


Line Speed (ft/min) < Time Constant (sec) 


60 

2. Time constant is the time required for the re- 
sponse of the recording device to drop 1/eth of its 
original value, or to reach about 2/3 of its final value, 
when the cause of the response is removed. The sym- 
bol “e” denotes the base of the naperian logarithm and 
is equal to 2.718. 

Time constant is expressed in seconds and in com- 
mon logging use may vary from 1 second to 30 sec- 
onds. It is normally set prior to recording the log and 
is therefore always known. Logging equipment should 
be equipped with surface control of time constant in 
order that it can be changed whenever necessary during 
a logging operation. 

A series of typical logs run over the same interval 
with a constant logging speed, and with changes in 
time constant settings is shown in Fig. 2. Note that as 
time constant is increased, drag increases proportion- 
ately. 

3. Logging speed is the rate at which the detecting 
instrument is traveling through the borehole. It is ex- 
pressed in feet per minute. Fig. 3 shows the same 
logged interval with a fixed time constant setting but 
with varying logging speeds. 


Drag (ft) = 


THIN BED POROSITY DETERMINATION 
It was noticed by the authors that in comparing 
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3 
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TIME CONSTANT 


Fic. 2— Our HoLE NEUTRON LOG, SHOWING THE 
EFFECT OF CHANGING TIME CONSTANT WHILE MAIN- 
TAINING A CONSTANT LOGGING SPEED (15 FT/MIN). 


neutron logs with core data, there was an excellent 
degree of correlation. By plotting porosity values on 
semi-logarithmic paper with porosity plotted logarithm- 
ically as the ordinate and with deflection from the 
zero line (the level of zero radioactivity) as the ab- 
scissa, porosity values fell along a straight line with 
a high degree on continuity. 


It was also noted that porosity values for thin beds 
(beds less than 10 ft in thickness) fell either well 
above or well below the curve, not corresponding to 
the points as determined from neutron deflection in 
thicker beds. Consequently, a correction factor was cal- 
culated, which, when applied to the thin beds, placed 
the points either on or very near the curve (Fig. 4). 


The correction factor is based upon the fact that in 
radioactivity logging the recording pen does not reach 
its maximum deflection in thin beds because of the 
influence of drag. This method calculates the point to 
which the pen would have traveled laterally disregard- 
ing the influence of drag, assuming an infinitely slow 
logging speed and an infinitely short time constant. 


A formula has been derived whereby the relation- 
ship between true radioactivity and apparent radio- 
activity may be calculated. The formula depends upon 
the true thickness of the thin bed and the drag char- 
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Fic. 3— OuTr HoLeE NEUTRON LOG, SHOWING THE 
EFFECT OF CHANGING LOGGING SPEED WHILE MaAIN- 
TAINING A CONSTANT TIME CONSTANT (4.5 SECONDS). 
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= 
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= 
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acteristics for the particular log. The formula may be 
stated as follows: 

R, L/D 

where R, true radioactivity; R, = apparent radio- 
activity; L = length of detecting system; T = bed thick- 
ness; and D = drag. 

In reference to Fig. 5, S, is the deflection which the 
pen would have reached assuming an infinitely slow 
logging speed and an infinitely small time constant. S;, 
is the deflection which the pen actually records on the 
neutron log. S, can be determined as the product of S, 
and the calculated value of R./R,. The value of S, so 
determined is then used in conjunction with a calibra- 
tion curve of the type shown in Fig. 4 to obtain the 
porosity of the thin bed in question. 

By using the curve (Fig. 6) with R,/R, plotted 
logarithmically as the ordinate and T/D plotted as the 
linear abscissa, a great deal of the mathematics of the 
problem can be eliminated. 

In the past it has been rather difficult to accurately 
determine the value of bed thickness, 7, which is re- 
quired in the above equation for R,/R,. This resulted 
from the fact that the length of instruments used for 
detection was so great that it was impossible to pin- 
point formation breaks. With the advent of the Scin- 
tillometer into radiation logging, the problem has been 
simplified, since formation breaks may be determined 


60 

50 

40 


30 


20 


(PER CENT) 


POROSITY 


' 2 3 4 6 e 7 
DEFLECTION FROM ZERO (INCHES) 


Fic. 4— PLoTTED Core Porosity AND NEUTRON Dr- 
FLECTION. CIRCLES REPRESENT DEFLECTION OF THIN 
ZONES BEFORE CORRECTION FACTOR APPLIED. NOTE 
How CLOSE THE POINTS FALL TO THE Porosity CURVE 
AFTER THE CORRECTION HAs BEEN MADE. 
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to accuracies within a few inches. Since the instrument 
is only a few inches in length, it may be assumed that 
it is essentially a point-type indicator. 

Because of the spacing factor between the neutron 
source and the neutron counter, formation breaks are 
not as accurately determined from the neutron log. 
For this reason the bed thickness should be picked 
from the gamma ray log and applied to the neutron 
log for determining the true radioactive values of thin 
beds. 

On an out-hole gamma ray log the lower boundary 
of any lithologic break is indicated at the depth at 
which the detector actually enters the lithologic break 
and on the log is designated as the depth at which the 
pen actually begins to move from one level of radio- 
activity into another level of radioactivity. On leaving 
the above mentioned lithologic break, the top may be 
determined as the depth at which the detecting instru- 
ment leaves the bed, or the depth on the log at which 
the pen begins to travel to a new level of radioactivity. 
This is illustrated in Fig. 1. 

In determining the equation for correcting the gamma 
ray deflection to true radioactivity level, the length fac- 
tor of the detecting instrument may be neglected. The 
equation is plotted as Curve H in Fig. 6. 

1 
R./R, = 

R, = true radioactivity level T = bed thickness 

R, = apparent radioactivity level D = drag 

The equation is plotted in Fig. 7. 

In considering the neutron log, the spacing between 
the Scintillometer and the neutron source is taken as 
the length of the detecting system. This is possible be- 
cause both the detector length and the source length 
are negligible as compared to the entire length of the 
system. The formula for determining the ratio of the 
true radioactivity level to the apparent level is as 
follows: 

R, 
R, ev? 


Fig. 6 shows curves plotted from the equation using 
L/D factors of 0, .5, 1, and 2. In common logging prac- 
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Fic. 5 — IDEALIZED RADIOACTIVE LoG CURVE. 
As the scintillation counter reaches depth ‘'L,"’ the pen commences to move 
laterally to depth ‘'M'' as the counter moves to depth ‘'M.'' Ra is the line 
ot apparent radiation as measured by the instrument. Rt is the line of tru 
radiation. Counter enters bed at depth *‘L'' and leaves at point ‘'M.'' 
T’’ is the bed thickness. $i is the distance from ‘'L'’ to Ra. So is the 
distance from ‘'L"' to Rt. 
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uce the L/D value will fall between the factors .5 and 
1. Drag may be calculated from the time constant and 
logging speed as shown on the log heading. Source 
spacing should also be noted on the log heading. 


The procedure for determining the true radioactivity 
level for thin beds on the neutron log is as follows: 
Where R,. = true radioactivity; R, = apparent radio- 
activity; T = bed thickness; D = drag; and L = length 
of the detecting system: 


1. Determine T from the gamma ray log. 


2. Determine D from the neutron log instrument 
settings. 


3. Determine L from the neutron log spacing. 
4. Calculate L/D and T/D. 


5. Enter the appropriate curve on Fig. 6 and deter- 
mine R,/R,. 


6. Measure R, from the neutron log. 


7. KR, may then be solved by the equation 
R, 
If the L/D factor falls between 0 and .5 or between 
.5 and 1, values can be interpolated from the curve in 
Fig. 6. 
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UES 


This method of porosity determination of thin beds 
from neutron logs is presented as a modification and 
an addition to other methods as published in the litera- 
ture. Many articles have been contributed upon the sub- 
ject of neutron log porosity determination, but up to 
this time there has been little published on the prob- 
lem as related to thin beds. This paper is intended to 
explain the concept of drag as related to logging speed 
and time constant, the effects of neutron source to 
detector spacing, and to show their relationships to 
deflection of the neutron curve. The entry of the Scin- 
tillometer into the field of radioactivity logging makes 
it possible to determine bed thickness accurately and 
therefore opens a new field whereby porosity of thin 
beds may be determined from the neutron log. 
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DERIVATION OF THE EQUATION FOR 
DETERMINATION OF TRUE RADIOACTIVITY 


The assumptions used in deriving the equation are 
as follows: 

1. Borehole effect is neglected. 

2. Adjacent bed effect is neglected. 

3. The spacing between the Scintillometer and the 
neutron source is considered as the length of the detec- 
tion system. 

4. The detector is equally sensitive along its length. 

The symbols used as as follows and the conditions 
illustrated in Fig. 7. 

R, = true radioactivity level 

R, = apparent radioactivity level 

T = bed thickness 
D = drag 
L = length of detecting system 
= distance along the borehole 
(1) The response R(S) along the borehole to a single 
linear rise is: 
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(2) In the vicinity of R, (maximum) the total response 


(S — Dil — e**)) 


~(S-L) 


(S 


dR 
(3) To find R(maximum), let as = 0, and eliminate S. 


since — — = 


then — S = D Log, 


; 1 
D 1 
=1+t los. LD 
R 
R (maximum) 
L/D 
R, 
108. 


(6) In order to determine R,/R, for the gamma ray 
curve, neglect L. 


R, 1 
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The ISOCHRONAL PERFORMANCE METHOD of DETERMINING 
the FLOW CHARACTERISTICS of GAS WELLS 


M. H. CULLENDER 
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The performance characteristics of gas wells produc- 
ing from formations which fail to stabilize within a 
relatively short period of time are obscured by the inter- 
relation of the coefficient (C) and the slope “n” of the 
conventional back-pressure curve 

Oe (1) 

An empirical method is presented whereby the char- 
acteristic or true slope (n) of the back-pressure curve 
may be determined for a particular gas well. 

For those gas wells which do not stabilize within a 
relatively short period of time, the coefficient (C) is 
considered as a variable with respect to time and as a 
constant only with respect to a specific time. Thus, the 
back-pressure performance of such a well is presented 
as a series of parallel curves, each curve representing 
the performance of the well at the end of a given time 
interval. 

Through use of the method presented, a simple pres- 
sure gradient is developed and maintained within the 
drainage area around a producing gas well during the 
test period in order that the variation of the coefficient 
(C) with respect to time does not obscure the true value 
of the slope. 


O Cor LOIN 


The back-pressure method of testing gas wells as 
set forth by Schellhardt and Rawlins* is dependent upon 


Paper presented at Petroleum Branch Fall Meeting in Dallas, Oct. 
18-21, 1953. Original manuscript received in Petroleum Branch office 
on July 20, 1958. Revised manuscript received on May 26, 1955 

1References given at end of paper. 
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the requirement that a series of flow rates and cor- 
responding pressure data be obtained under stabilized 
conditions. These data are then plotted on logarithmic 
coordinates of flow rate (Q) vs difference in squared 
pressures (P* — P*) in order to determine the constants 


(C) and (n) for Equation 1. With respect to this 
method of presenting the performance characteristics 
of a gas well, it should be pointed out that although 
Equation 1 is an empirical relationship, the form of 
the equation was justified to a considerable extent by 
an independent development by Muskat and Botset.’ 
This development was theoretical in nature; however, 
certain assumptions with respect to the type of flow 
existing (viscous vs non-viscous) were made which 
may or may not be correct. 

As the use of the method presented by Schellhardt 
and Rawlins spread through the industry, it became 
evident that the method of testing was applicable for 
those wells which approached stabilized producing con- 
ditions within a relatively short period of time. Per- 
formance characteristics could not be determined by 
this method, however, for wells which approached 
stabilized producing conditions slowly over a consider- 
able period of time. This characteristic of “slow sta- 
bilization” has generally been associated with gas wells 
producing from reservoirs of low permeability. 


As the demand for natural gas continued to grow 
through the years, a great number of wells were com- 
pleted in reservoirs of low permeability which exhibited 
“slow stabilization” characteristics. Consequently, the 
problem of determining the true performance char- 
acteristics of these wells became more apparent. It is 
with this problem in mind that the isochronal perform- 
ance method of determining the flow characteristics of 
gas wells is presented. 
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The term “isochronal” has been adopted as being 
descriptive of the method, because only those condi- 
tions existing as a result of a single disturbance of 
constant duration are considered as being related to 
each other by Equation 1. The expression, “single dis- 
turbance of constant duration” is intended to define 
those conditions existing around a well as a result of a 
constant flow rate existing for a specific period of time 
from shut-in conditions. Under actual test conditions 
this requirement is rarely satisfied; however, a very 
similar condition may be established by starting a well 
on production and allowing the well to produce with- 
out further outside or mechanical adjustments. In this 
manner a simple pressure gradient is established around 
the wellbore, as opposed to a complex pressure gra- 
dient resulting from two or more mechanical changes 
in the flow rate from shut-in conditions. The procedure 
employed to obtain the necessary performance data is 
to open a well from shut-in conditions and obtain rate 
of flow and pressure data at specific time intervals dur- 
ing the flow period without disturbing the rate of flow. 
After sufficient data have been obtained, the well is 
shut-in and allowed to return to a shut-in condition 
comparable to that existing at the time the well was 
first opened. The well is again opened at a different rate 
of flow with data being obtained at the same time 
intervals as before. The procedure may be repeated 
as many times as necessary to obtain the desired num- 
ber of data points. 

Certain assumptions are made in order to justify the 
presentation of the performance characteristics of a 
gas well as a series of parallel curves with a constant 
slope (n) and a constant coefficient (C) only with 
respect to specific time intervals. These assumptions are 
as follows: 

1. The characteristic slope (n) of the performance 
curves of a gas well is independent of the drainage 
area. It is established almost immediately after the well 
is opened. 

2. Under simple gradient conditions, the variation 
of the performance coefficient (C) with respect to time 
is independent of the rate of flow and pressure level. 

MacRoberts’ has derived an equation relating the re- 
cession of the radius of drainage of a producing gas 


TABLE 1 — PERFORMANCE DATA OF GAS WELL NO. 1 
SIP, Duration of Mcf/D @ 

Date psia Flow, Hours 14.65 psia Pe — PFs 
10-3-44 435.2 24 9,900 97.70 
10-24-44 436.8 4,656 

3 4,587 27.26 
23 4,440 38.67 
12-11-45 394.7 0.1 2,016 4.61 
0.2 2,009 5.68 
0.5 2,001 7.10 
1 1,994 8.26 
3. 1,980 10.38 
24 1,947 14.56 
1-11-46 390.7 0.1 2,991 7.64 
0.2 2,977 9.21 
0.5 2,956 11.56 
1 2,941 13.28 
1-15-46 394.0 0.2 Tesae 26.09 
0.5 7,199 31.25 
1 7,092 35.52 
3 6,887 42.99 
1-17-46 391.1 0.5 2,952 
1 2,937 12.87 
3 2,905 15.72 
12-5-46 381.0 0.1 4,158 10.61 
0.2 4,130 12.72 
05 4,086 15.91 
1 4,052 18.40 
3 3,989 
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well to the time of production for the case of radial 
Darcy-type flow (equivalent to the case of a gas well 
with a characteristic performance slope of 1.00). The 
final equation was necessarily based on certain assump- 
tions with respect to conditions within the drainage area 
which may or may not be correct. 

This equation is as follows: 


(Const.) 7; 2) 


If the recession of the radius of drainage with re- 
spect to time is visualized as being equivalent to the 
decline in the coefficient (C) of the back-pressure per- 
formance of a gas well with time, examination of 
Equation 2 would indicate that pressure level has some 
affect on the variation of the performance coefficient 
(C). If this is true, the affect is of such low magnitude 
that it is not determinable within the range of field 
data obtained to date. 
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The data obtained on a typical gas well (Well No. 1) 
producing from a formation exhibiting slow stabiliza- 
tion characteristics with respect to time are shown in 
Fig. 1. The data were obtained at various times during 
the period 1944 to 1946. These data are presented in 
Table 1. Points of interest are the fact that the char- 
acteristic slope of 0.867 is established within a very 
few minutes after the well is opened and the fact that 
the decline in the coefficient (C) is a variable with 
respect to time. 

In the case of the three data points shown on the 
24-hour curve, these were the first points of three dif- 
ferent back-pressure tests taken in the manner described 
in Monograph 7. The data obtained at the end of the 
succeeding flow rates in each case are shown in Fig. 2 
and Table 2. Curve A represents the data obtained dur- 
ing a reverse sequence test, while Curves B and C 
represent data obtained during normal sequence tests 
in which the initial rates of flow were considerably 
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Fic. 1 — IsOCHRONAL PERFORMANCE CURVES OF GAS 


WELL No. 1 (SLOPE = 0.867) 


Curve A: 0.1-hour duration of flow Curve D: 1.0-hour duration of flow 
Curve B: 0.2-hour duration of flow Curve E: 3.0-hour duration of flow 
Curve C: 0.5-hour duration of flow Curve F: 24.0-hour duration of flow 
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Fic. 2 — BACK-PRESSURE TEST DATA OF 
Gas WELL No. 1. 


Curve A: 24-hour, reverse sequence back-pressure test (slope = 1.097). 
Curve B: 24-hour, normal sequence back-pressure test (slope = 0.701). 
Curve C: 24-hour, normal sequence back-pressure test (slope = 0.776). 
Curve D: 24-hour, isochronal performance curve (slope = 0.867). 


TABLE 2 — BACK-PRESSURE TEST DATA OF GAS WELL NO. 1 
SIP, Duration of Mcf/D @ 


Date psia Flow, Hours 14.65 psia P2, — Py 
10-3-44 435.2 24 9,900 97.70 
24 7,091 70.73 
24 4,360 46.16 
10-24-44 423.6 23 4,440 38.67 
25 6,982 
22 8,212 92.35 
12-11-45 394.7 24 WAKA 14.56 
24 2,841 25.07 
26 3,941 38.82 
22 5,165 50.53 
1000 
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Fic. 3 — ISOCHRONAL PERFORMANCE CURVES OF GAS 
WELL No. 2: (n = 0.835) (SLoPE = 0.835) 


Curve D: 24-hour duration of flow 
Curve E: 72-hour duration of flow 


Curve A: 1-hour duration of flow 
Curve B: 2-hour duration of flow 
Curve C: 3-hour duration of flow 
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different. Curve D is a reproduction of the 24-hour 
curve shown in Fig. 1. It should be noted that although 
the three back-pressure curves represent different per- 
formance conditions, those conditions were a result of 
complex pressure gradients established during the test. 
The initial points of each back-pressure test represent 
the formation characteristics, while the other data points 
represent complex conditions which have no signif- 
icance. It is the author’s opinion that the characteristic 
slope still applies to the complex points and that the 
difference in performance exists only in the coefficient 
(C). If the slope of 0.867 is applied to the complex 
points, it can be seen that the coefficient obtained in 
each case can be considered to be the result of an 
“effective” time, which has no permanent significance 
and which is not equal to the total elapsed time nor 
the elapsed time since the last change in flow rate. 


If a well of this type is allowed to produce at some 
rate until the coefficient becomes constant, an increase 
in the flow rate will cause the coefficient to immedi- 
ately increase. It will then gradually decline to the sta- 
bilized value as the new disturbance moves outward to 
the boundary of the drainage area. A decrease in the 
flow rate of such a well producing under stabilized 
conditions will cause the coefficient to immediately 
decrease. Then it will gradually increase to the sta- 
bilized value as the pressure builds up in the drain- 
age area to again approach a simple gradient. 


It is apparent that extrapolation of data obtained 
under complex conditions can lead to very serious error 
with respect to the projected performance. 


The data obtained on another well (Well No. 2) are 
shown in Fig. 3 and Table 3. Again the characteristic 
slope of 0.835, developed under short-time flow condi- 
tions, is applicable to long-time flow conditions. Also, 
the decline in the coefficient (C) is a variable with 
respect to time. 


The data on another well (Well No. 3) are shown 
in Fig. 4 and Table 4. During Dec., 1951, the isochronal 
performance data represented by Curves A through D 
were obtained at 0.5-hour, 1-hour, 2-hour, and 3-hour 
time intervals respectively. The shut-in pressure on the 
well at that time was approximately 352 psia. During 
1944, when the shut-in pressure of the well was 441.6 
psia, a flow test of nine days duration was taken on 
this well. The only short-time data point obtained during 
this test was the 1-hour data point shown just to the 
right of Curve B at the flow rate of 1,229 Mcf/D. The 
23.5-hour, 70.5-hour, and 214-hour performance of the 
well represented by Curves E, F, and G were obtained 
by application of the characteristic slope of 0.948 to 
data points obtained at the respective time periods. 
Curve H represents the average curve of 0.948 slope 
through data obtained during annual three-day produc- 
tion tests into the pipeline for the years 1945 through 
1953. During this time the three-day shut-in pressure of 
the well declined from 417.7 psia to 336.1 psia, and the 
three-day working pressure declined from 369.2 psia to 
298.6 psia. It should be realized that production rates 
during the three-day annual production tests must be 
gradually increased during the first 24-hour period due 
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TABLE 3 — PERFORMANCE DATA OF GAS WELL NO. 2 


SIP, Duration of Mcf/D @ 
Date psia Flow, Hours 14.65 psia 

2-18-48 436.0 1 1,224 8.85 
2 1,215 11.70 

3 1,200 16.77 

3-2-48 435.8 ] 4,262 52.22 
2 4,114 63.35 

3 4,022 70.28 

24 3,495 106.70 

72 3,238 122.43 

3-23-48 434.6 1 1,710 17.09 
2 1,691 

3 1,680 23.77 

24 1,599 40.46 

1,562 49.57 

7-25-49 434.4 1 2,107 22.77 
2 2,073 28.34 

3 2,054 31.88 

7-26-49 432.7 ] 3,057 35.20 
2 2,986 43.09 

3 2,942 48.07 

7-27-49 432.4 ] 4,208 51.39 
2 4,061 62.59 

3 3,963 69.23 


to metering restrictions. This gradual increasing of the 
rate of flow results in a more complex pressure gradient 
around the well than would be caused by a single dis- 
turbance of constant or slowly decreasing magnitude. A 
complex gradient of this type manifests itself in the 
form of “effective” time—smaller than actual time from 
shut-in conditions. It might be pointed out that a drastic 
reduction in flow rate during a test results in a complex 
gradient that increases the “effective” time with respect 
to actual time. 

Data of this type, wherein the performance of a well 
is reasonably constant with respect to C and n at com- 
parable time intervals and different pressure levels, 
serve as the basis for the conclusion that the variation 
of the coefficient (C) with respect to time is inde- 
pendent of rate of flow and pressure level. 
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Fic. 4— ISOCHRONAL PERFORMANCE CURVES OF GAS 
WELL No. 3 (SLoPE = 0.948). 


Curve A: 0.5-hour duration of flow 
Curve B: 1.0-hour duration of flow 
Curve C: 2-hour duration of flow 
Curve D: 3-hour duration of flow 


Curve E: 23.5-hour duration of flow 
Curve F: 70.5-hour duration of flow 
Curve G: 9-day duration of flow 
Curve H: average 3-day performance 
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Fic. 4a — RELATIONSHIP OF COEFFICIENT OF PERFORM- 
ANCE AND TIME OF GAS WELL No. 3. 


It is sometimes difficult to visualize the variation of 
the coefficient (C) with respect to time by the examina- 
tion of data presented in the manner of Fig. 4. It is 
often advisable to present the data in the form shown 
in Fig. 4a. Herein the variation of C with respect to 
time during the nine-day flow period is more readily 
apparent than in Fig. 4. The point representing Curve 
H of Fig. 4 is shown just above the curve in Fig. 4a 
at the time of 72 hours. 

A number of wells at low flow rates perform with a 
slope of 1.00 and exhibit a breaking-point above which 
flow rate the well performs with a characteristic slope 
less than 1.00. The data obtained on such a well (Well 
No. 4) are shown in Fig. 5 and Table 5. The flow 


TABLE 4 — PERFORMANCE DATA OF GAS WELL NO. 3 
SIP, Duration of Mcf/D @ 


Date psia Flow, Hours 14.65 psia P2¢ — P2, Coefficient 

10-11-44 441.6 1 1,229 8.62 159.5 

9 1,202 18.01 77.6 

23-5, 1,187 23.07 60.6 

49 1,176 26.71 by 

70.5 1,171 28.81 48.4 

96.5 1,166 30.52 45.6 

120 1,163 31.56 44.) 

144 1,161 32.13 43.3 

169 1,159 32.89 42.3 

190 33.54 41.4 

214 1,156 33.91 40.9 
12-3-51 352.4 0.5 983 
ij 977 6.96 
2 970 8.93 
3 965 10.19 
12-4-51 352.3 2,631 15.54 
1 2,588 19.82 
2 2,533 24.63 
3 2,500 27.72 
12-5-51 351.0 0.5 3,654 21.63 
1 3,565 27.40 
2 3,453 34.03 
3 3,390 37.97 
12-6-51 349.5 0.5 4,782 28.84 
1 4,625 35.96 
4,438 43.98 
3 4,318 48.96 
ANNUAL THREE-DAY PRODUCTION TEST DATA 
4-5-45 417.7 72-5 1,818 43.94 
7-13-45 403.2 72 1,848 41.16 
5-1 0-46 389.7 72 1,665 35-57, 
5-28-47 389.9 72.25 1,457 34.65 
5-17-48 378.5 71.83 1,269 28.81 
6-17-49 72 1,389 31.96 
5-23-50 365.5 fe) 1,438 34.16 
5-29-51 355.0 72.25 1,195 27.23 
5-26-52 348.5 1,073 24.97 
7-7-53 336.1 72 1,164 27.43 
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Fic. 5 — ISOCHRONAL PERFORMANCE CURVES OF GAS 
WELL No. 4: BELow 800 McrF/D (SLoPE = 1.000) 
ABOVE 800 McF/D (SLOPE = 0.859). 


Curve A: 0.5-hour duration of flow Curve C: 2.0-hour duration of flow 
Curve B: 1.0-hour duration of flow Curve D: 3.0-hour duration of flow 


rates range from 76 Mcf/D to 5,373 Mcf/D. The 
point of interest is the breaking-point with respect to 
the slope (”) that occurs at approximately 800 Mcf/D. 
A satisfactory explanation for the existance of such a 
point of interest is the breaking-point with respect to 
of comparable capacity producing from the same forma- 
tion as the above well which perform over the full range 


TABLE 5 — PERFORMANCE DATA OF GAS WELL NO. 4 


SIP; Duration of Mcf/D @ 
Date psia Flow, Hours 14.65 psia P2¢ — PRs 
9-28-49 449.9 0.5 76 0.95 
1 76 1.16 
2 76 1.26 
3 76 1.47 
9-30-49 450.1 0.5 143 1.79 
1 143 2.00 
2 143 2.42 
3 143 2.61 
10-3-49 450.2 0.5 576 6.62 
1 575) 8.06 
2 573 9.72 
3 572 10.94 
10-4-49 449.6 0.5 1,237 16.96 
] 1,229 19.28 
2 AO 22.49 
3 24.48 
10-5-49 449.3 0.5 2,148 29.33 
1 2,116 35.37 
2 2,083 41.04 
3 2,065 44.56 
10-6-49 448.5 ORS 3,079 48.22 
1 3,017 55.08 
2 2,947 63.52 
3 2,902 68.25 
10-7-49 447.4 0.5 4,218 65.70 
1 4,087 76.22 
2 3,936 86.85 
3 3,852 92.87 
10-11-49 448.6 0.5 5,373 86.49 
1 5,136 99.42 
2 4,887 111.71 
3 4,756 118.45 
10-14-49 448.7 0.5 326 3.83 
] 325 4.67 
2 324 5.50 
3 323 6.12 
11-2-49 449.3 0.5 888 10.03 
1 881 12.49 
2 874 15.14 
870 16.86 
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Fic. 6 — STABILIZED PERFORMANCE CURVE OF GAS 
WELL No. 5 (SLOPE = 0.554). 


of flow conditions with characteristic slopes less than 
1.00. These characteristic slopes, as determined by 
isochronal performance data, have been found to exist 
between the limits of approximately 0.5 to 1.0. 


Certain gas wells stabilize so rapidly that there is 
no necessity for obtaining isochronal performance data. 
The data on such a well (Well No. 5) are presented 
in Fig. 6 and Table 6. Each flow was of 1-hour dura- 
tion. However, the three high flow rates were obtained 
without closing the well between flows, while the three 
low flow rates were each obtained from shut-in condi- 
tions. (The smallest flow rate of 570 Mcf/D is not 
shown on Fig. 6 since [P{ — P<] was equal to 0.09. 
The point lies on the performance curve, however.) 
Although the duration of flow in each case was 1 hour, 
the working pressure for each flow remained constant 
almost from the beginning of the flow period. 


TABLE 6 — PERFORMANCE DATA OF GAS WELL NO. 5 


SIP, Duration of Mcf/D @ 
Date psia Flow, Hours 14.65 psia P2¢ — Pry 
3-30-50 439.0 1 8,373 11.27 
1 12,484 23.25 
1 16,817 40.60 
4-3-50 439.9 1 570 0.09 
4-4-50 439.6 ] 2,231 1.01 
4-5-50 439.8 } 4,841 4.32 


GO UNITS URS 


The conclusions to follow are based on the premise 
that the liquid saturation around the wellbore does not 
change materially as a result of the various flow rates. 


The performance characteristics of a gas well can be 
determined from flow data obtained under transient 


| 
| 
| 
| | || | 
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conditions when the transient is controlled to the extent 
that a simple pressure gradient is established in the 
drainage area. 

The method presented provides a means of main- 
taining a simple gradient throughout the drainage area 
during the time required to obtain the desired data. 


The characteristic slope of the performance curves 
of a well may be determined from data obtained at 
short-time intervals after a well is opened. This is prob- 
ably due to the fact that the majority of the pressure 
drop experienced occurs close to the wellbore. The 
performance coefficient of a particular well is controlled 
by the extent of the drainage area and the pressure 
gradient within the drainage area. In the case of a 
simple pressure gradient, it is a variable with respect 
to time. 


The development of the method presented was neces- 
sarily influenced by the ideas and concepts of others 
with whom the writer has been privileged to study well 
performance. To all such persons, grateful acknowledg- 
ment is made. 

This paper is published by permission of Phillips 
Petroleum Co. 
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NOMENCLATURE 


QO = Mct/D at base conditions 
P = pressure, psia 
P’ = squared pressure expressed in thousands 
C = coefficient of the back-pressure performance 
curve 
n = slope of the performance curve referred to the 
(Pi 
yr = radius 
t = time 
Subscripts f and s refer to shut-in conditions and flow- 
ing conditions respectively. 
Subscripts 1 and 2 refer to conditions at the outer 
boundary of the drainage area and the wellbore respec- 
tively. 
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This paper is intended as an aid in the performance 
and interpretation of experimental studies of multi-phase 
flow in porous media. The mathematical formulation of 
incompressible, two-phase flow phenomena in a three- 
dimensional porous medium is presented. The resulting 
equations which account for the effects of gravitational 
and capillary forces are used to derive general scaling 
laws permitting accurate representation of water-oil dis- 
placement processes by means of experimental flow 
models. The significance of the scaling laws is examined 
in the light of the physical concepts of micro-behavior 
of fluids in porous media. Formulations of scaling con- 
ditions obtained by application of dimensional analysis 
are reviewed. The principles of application and_ the 
limitations of flow model studies are discussed. 
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Most of the problems facing a reservoir engineer 
involve three-dimensional, two-phase flow systems, in- 
fluenced by the effects of gravitational and capillary 
forces. Present computational procedures generally do 
not permit the evaluation of such systems without intro- 
ducing greatly simplifying assumptions. The actual res- 
ervoir configuration is usually replaced by one or a 
combination of several “equivalent” linear systems, and 
the effects of capillarity and gravity are considered to 
be negligible. While these assumptions may in many 
instances be justified, there are a number of important 
practical problems for which the results obtained on 
the basis of such simplifications remain open to ques- 
tion. 


Paper presented at Petroleum Branch Fall Meeting in San An- 
tonio, Oct. 17-20, 1954. Original manuscript received in Petroleum 
Branch office on Oct. 17, 1954, Revised manuscript received on Aug. 
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An alternate approach to the problems that are not 
amenable to analytical treatment consists of seeking 
their solution by experimental laboratory investigations. 
The main difficulty of such investigations lies in the 
fact that multiphase flow phenomena subjected to grav- 
ity and capillary forces proceed differently at different 
rates and in systems of different dimensions. Therefore, 
unless great discrimination is exercised in selecting the 
conditions and interpreting the results of laboratory 
tests, such tests may be entirely misleading in regard 
to field applications. 


The purpose of this paper is to present a theoretical 
background for the performance of laboratory tests 
that are more nearly representative of field behavior. 
It will be shown that simulation of field behavior can 
be achieved by conducting laboratory tests under con- 
ditions selected in accordance with definite scaling laws. 

The formulation of conditions required for the scal- 
ing of two-phase flow experiments in porous media has 
been presented in the literature on several occasions.”*** 
One of these formulations advanced by Leverett’, can- 
not be considered applicable to most practical cases 
inasmuch as it does not cover generally the regime of 
laminar flow. An adequate treatment, based on the 
consideration of dimensional analysis, was presented 
by Engelberts and Klinkenberg.* Their treatment, how- 
ever, is concerned primarily with the scaling of linear 
flow systems, and hence somewhat limited in scope. 
Accordingly, the formulation of more general scaling 
laws, applicable to three-dimensional systems, appeared 
to be warranted. It appeared, furthermore, desirable to 
establish this formulation on the basis of a mathematical 
treatment, rather than by application of general prin- 
ciples of dimensional analysis, to permit more explicit 


References given at end of paper. 


15, 1955. 


evaluation of the scaling laws in the light of the multi- 
phase flow concepts currently employed in reservoir 
engineering. Thus, in the derivation of the scaling laws, 
particular consideration is given to the roles of the 
relative permeability and capillary pressure functions, 
and the possibilities of scaling pore size distributions 
are examined. 

The scaling laws developed in this analysis pertain 
to incompressible, immiscible, two-phase flow systems 
and are, therefore, primarily applicable to experimental 
studies of water-oil displacement. Their application may 
be extended to investigations of gas-drive, gravity-drain- 
age processes in which the pressure level is sufficiently 
high to render gas compressibility and solubility effects 
negligible. 


ESTABLISHMENT OF SCALING LAWS 


ANALYTICAL PROCEDURE 
DERIVATIONS 


In a three-dimensional, homogeneous, porous medium 
the simultaneous flow of two immiscible, incompressible 
fluids such as oil and water may be described by the 
relations: 


kee 


The pressures existing in the oil ‘and water phases 
are related to each other by means of the capillary 
pressure function, P.(S), so that: 

or 

The changes in saturation occurring in any one vol- 
ume element during the displacement of oil by water 
are described by the continuity equation: 


as 


Elimination of the water and oil flow components 
V,, and V,, of the flowing pressure gradients Vp, and 
Yp., and of the flux gradients VV, and VV from Equa- 
tions 1 through 6 results in: 

oS _vaS was 
[bo | OX dS 0x oy dS ody 
= )| _ k gdp dv 0s 


dS 0z Mo dS 0z (7) 


Equation 7 which accounts explicitly for the fric- 
tional, gravitational, and capillary forces may be quali- 
fied as the “complete” displacement equation. This equa- 
tion can be applied to describe the flooding and gravita- 
tional segregation behavior of a certain field, or “proto- 
type reservoir,” subjected to a given injection (or water 
influx) and production regime. 

One may now consider a scale model consisting of 
a porous medium and fluid system such that the relative 
permeability functions and the viscosity ratio of the 
prototype are duplicated. Under such conditions, im- 


*Nomenclature at the end of paper. The z-axis is directed vertically 
upward (upward flow is positive). 
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plying duplication of the functions ¢ and ¥, the dis- 
placement equation applying to the model may be 
written as: 
ds Ox oy 


ay\ dS dy’ 


0 { oS k’ dv 0S 

dS =)| dS 02’ 
Aside from ¢ and W the values of pertinent model 
parameters such as dimensions, flow rates, porosity, 
specific permeability, capillary pressure, absolute values 
of fluid viscosities, and fluid densities are different from 
those encountered in the prototype and can be, off hand, 
selected arbitrarily. 

This selection can be conveniently effected on the 
basis of scale ratios between prototype and model para- 
meters, defined by the following equations: 


(8) 


specifying geometrical similarity between model and 
prototype; 


specifying that the model is pperies at injection (or 
producing) rates that remain at any time in a constant 
proportion to those encountered in the prototype; 


{EA 


specifying the scale ratios of porosity, permeability, fluid 
density difference and fluid viscosities; and: 


= 
dS 


which can be considered as resulting from either 
Po ="P'/G. (loa), OF) 


From a purely mathematical viewpoint it is sufficient to 
consider Equation 15 which prescribes proportionality 
between the derivatives of model and prototype capillary 
pressure functions. However in subsequent, more de- 
tailed physical considerations it will be necessary to ex- 
amine separately the case corresponding to Equation 
15a, specifying direct proportionality between model 
and prototype capillary pressures, and that correspond- 
ing to Equation 15b which implies merely a general 
linear correlation between model and prototype capillary 
pressure functions. 


Having selected the scale ratios of dimensions, rates 
of injection and porosities (Equations 9 through 11), 
the scale ratios of unit flux (flow per unit cross sec- 
tional area) and of “homologous” or equivalent opera- 
tional times are necessarily defined as: 


u/u v/v w/w TTP B/A (16) 
iG, 
aS. "AC aS 


Upon substitution of Equations 9 through 17’ into 8, 
the equation describing the flow behavior in the model 
may be expressed as: 
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= 


oT dS Ox oy 0z 


ADG) | ex dS ax) dy 


k gAp dv os 
OZ GIS Ove ADE dS 0z 


Comparison of the above Equation 18 with Equation 
7 shows that the displacement equation applying to the 
model becomes identical with that applying to the proto- 
type if: 


which is equivalent to: 
and, 
INTERPRETATION 


For purposes of interpretation, the scaling Equations 
19a and 19b may be written respectively as: 


Ap/ dP. _ [Ap/dP. 

and 


By virtue of Darcy’s law the expression, Vu./k, repre- 
sents a measurement of the flowing pressure gradient 
caused by frictional forces. Thus the scaling equations 
reduce to a statement of the following physical condi- 
tions: (1) The ratio of gravitational gradient to capillary 
pressure gradient must be the same for model and proto- 
type; and (2) The ratio of capillary pressure gradient to 
flowing pressure gradient must be the same for model 
and prototype. 

The scale ratios determining the design and opera- 
tional procedure of a model must necessarily be chosen 
within the limits prescribed by the scaling Equations 19. 
In turn the selection of the parameters cnitering into the 
scaling equations is sufficient for the derivation of all 
remaining operational scale ratios, particularly those re- 
lating the behavior of the model to that of the field in 
terms of pressure and cumulative injection. 

For the flowing pressure drops in the oil phase, de- 
fined as: 

with similar expressions applying to the water phase, the 

scale ratio is obtained by combination of the above 

equations with Darcy’s law (Equations 1 and 2) and 

with the scale ratios of dimensions, permeabilities, vis- 

cosities and unit flux (Equations 9, 12, 14, and 16). As 
a result: 


= = ——., (23) 
dp’, Vee k aL D dp’ « 
or by virtue of Equation 19b: 


This then indicates that under proper conditions of scal- 
ing the flowing pressure drop between any two points in 
the model remains in a constant proportion to that ex- 
isting between the homologous points in the field. 

The cumulative injection, Q, for the prototype, ex- 
pressed in terms of pore volumes and corresponding to 
a certain time, 7, counted from the beginning of the dis- 
placement process under consideration, is: 
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| qc 

Similarly, for the model: 


Q uf | q ( ) 
oO 


By virtue of Equations 10 and 17: 

if model and field are considered at homologous times. 
Substitution of these two expressions into Equation 26 
yields: 


T 
(1/B) (B/A°C) 


(6) 


Thus, it is demonstrated that under proper conditions of 
scaling, homologous times correspond to equal cumula- 
tive injections, expressed in terms of model and field 
pore volumes. 


PHYSICAL CONSIDERATIONS 


In the preceding mathematical analysis it was implied 
on one hand that the relative permeability functions 
applying to model and prototype be the same, and on the 
other, that the porosity, the specific permeability and 
the capillary pressure function of the model be treated 
as independent parameters. From a physical standpoint, 
however, it is apparent that the above characteristics are 
inter-dependent and cannot be arbitrarily selected. Thus, 
while the conditions expressed by Equations 19 are suf- 
ficient to achieve proper scaling from a mathematical or 
macroscopic viewpoint, additional considerations regard- 
ing the micro-behavior of fluids in porous media are re- 
quired to complete the definition of the scaling laws. The 
key to these additional, physical considerations lies in 
the manner in which model and prototype capillary pres- 
sure functions are related to each other, namely either 
by direct proportionality (Equation 15a) or by general 
linear transformation (Equation 15b). The physical sig- 
nificance of these two types of correlation will be exam- 
ined with the help of the concept by which the capillary 
pressure corresponding to any given water saturation 
may be considered as inversely proportional to the 
hydraulic radius of the pores reached by this water 
saturation. 


BASIC SCALING LAWS 


The case where model and prototype capillary pres- 
sure functions are directly proportional to each other is 
illustrated by the curves labeled “Model” and “Reservoir 
I” in Fig. 1. These curves are such that the ratio, P.1/P’., 
is the same at any one saturation. Accordingly, the pore 
radii reflected by these two curves are in a constant pro- 
portion to each other, meaning that in this case model 
and prototype have similar pore size distributions. To 
obtain a physical picture of this situation, one might 
visualize the porous matrix of the model as an exact 
enlargement, a blown up replica of the porous matrix of 
the prototype. 

In the light of the above described physical picture it 
is possible to evaluate the interrelations between the 
capillary pressure functions, the porosities, and the spe- 
cific permeabilities applying to model and prototype. 
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For a porous medium possessing a given pore size dis- 
tribution it is possible to define a mean hydraulic pore 


radius, 7, such that 
where ¢ represents a dimensionless textural constant and 


P., the harmonic average capillary pressure correspond- 
ing to the mean hydraulic pore radius. Under conditions 
of similar pore size distribution, it is apparent that model 
and prototype are characterized by the same textural 
constant; furthermore, in this case the ratio of the har- 
monic averages of capillary pressure is equal to the scale 
ratio, G, of capillary pressures. Accordingly, the ratio 
of specific permeabilities may be expressed as: 
Cocos) 

It remains to examine the compatibility of Equation 
29 with the scaling conditions stipulating that the rela- 
tive permeability curves be the same for model and pro- 
totype. For a given porous medium, i.e., a given pore 
size distribution, the relative permeability curves should 
be expected to change according to the contact angle 
of the fluid system. Therefore, two porous media having 
similar pore size distributions can be expected to yield 
the same relative permeability curves only if the contact 
angle is the same in both cases. Thus, proper scaling on 
the basis of the considerations advanced so far requires 
that the contact angle of the fluid systems employed in 
model and prototype be the same. Accordingly, the in- 
terrelation between the permeability and the capillary 
pressure scale ratios reduces to 


This equation, introducing an additional scale ratio 
(pertaining to the interfacial tensions) but at the same 
time defining the interdependence between the perme- 
ability and capillary pressure scale ratios, must be used 


(29) 
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, EXAMPLES OF WATER-OIL 
|CAPILLARY PRESSURE CURVES 
10 
1 8 i 
ac | 
n 
\ 
\ 
\\ 
\ 
\ 
= 
a 4 
RESERVOIR IE (2,1) 
MODEL (P:') | 
fe) | | 
8 6 4 2 O 


WATER SATURATION — FRAGTIONAL 


Fic. 1 — MopEL AND PROTOTYPE CAPILLARY PRESSURE 
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in conjunction with Equations 19 in correlating model 
and prototype parameters. 

The conditions leading to the establishment of Equa- 
tions 19 and 30 imply a direct proportionality between 
the capillary pressures applying to model and prototype. 
While these equations are somewhat restrictive from the 
standpoint of practical applications, their compatibility 
with the physical concepts pertaining to the micro- 
behavior of fluids in porous media has been demon- 
strated. Therefore, the conditions summarized by Equa- 
tions 19 and 30 may be qualified as “basic” scaling laws. 


GENERALIZED SCALING LAWS 


An extension of the basic scaling laws can be estab- 
lished by considering that the correspondence between 
model and prototype capillary pressure functions is 
based on a general linear relationship as described by 
Equation 15b. This situation is illustrated by the curves 
labeled “Model” and “Reservoir II” in Fig. 1. These two 
curves are such that the slopes corresponding to any 
given saturation remain in a constant proportion, G, to 
each other. Thus both curves have similar shapes. How- 
ever, since their relative positions are selected arbitrarily 
by means of the additional scaling parameter, I’, the 
ratio P.»/P’, will vary throughout the range of satura- 
tions. Since the ratio of capillary pressures is inversely 
proportional to the ratio of corresponding pore radii, it 
is apparent that in this case the pore size distributions 
of model and prototype are not similar to each other. 


In the case where model and prototype have different 
pore size distributions, the relationship between their 
permeabilities, porosities, and capillary pressure functions 
cannot be defined as exactly as under the assumption of 
similar pore size distributions. This relationship can, 
however, be approximated on the basis of a development 
advanced by Purcell.’ According to this theoretical de- 
velopment, supported by experimental evidence, the spe- 
cific permeability can be expressed as: 


(acosé )* 


2.10* 


1 
oO 


Having selected the capillary pressure curves in accord- 
ance with Equation 15b, the relation between model and 
prototype permeabilities is then determined as: 


1 
( ds/P2 


J 
oO 
1 
as/P’. 
oO 


Again, it is necessary to examine the compatibility of 
the relationship between permeabilities and capillary 
pressure functions (Equation 32) with the scaling condi- 
tion stipulating that the relative permeability curves be 
the same for model and prototype. Since model and pro- 
totype are now assumed to have dissimilar pore size dis- 
tributions, their relative permeability diagrams should be 
expected to differ from each other if the contact angle is 
the same for both systems. However, general experi- 
mental evidence indicates that for a given porous me- 


*In the derivation of Equation 32 it is implied that although model 
and prototype have different pore size distributions their “‘lith- 
ology factor,” 7, is the same. Since the experimental evidence to 
date indicates that the lithology factor does not deviate excessively 
from an average value of about 0.25, the above assumption is be- 
lieved to be admissible for purposes of first approximation. 
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P. 
o’cos6’ 


dium the relative permeability functions can be changed 
appreciably by changing the contact angle. It is, there- 
fore, reasonable to consider that in the case of two 
media (model and prototype) having different pore size 
distributions, there exists a set of contact angle values 
for which both media will yield the same relative per- 
meability curves. Thus in the formulation of Equation 
32, it is implied that the ratio of contact angles is se- 
lected in such a manner as to produce the same relative 
permeability curves in model and prototype. Inductive 
reasoning suggests that the contact angle ratios satisfying 
this latter condition must be a function of the scale 
parameters G and I’, defining the capillary pressure 
curves for model and prototype. An explicit form of this 
interrelation has as yet not been established (except for 
the particular case of [T = 0, corresponding to 6/6’ 
= 1). Therefore at present, the application of “general- 
ized” scaling laws based on the use of Equation 15b 
requires that the ratio of contact angles applying to 
model and prototype be estimated in an empirical man- 
ner. 

Admittedly, the above procedure introduces some un- 
certainty in the correlation between model and proto- 
type; but as will be shown in a later discussion, such un- 
certainty does not represent too serious a limitation in 
the practical application of the generalized scaling laws. 
From this latter viewpoint, it is pointed out that a par- 
ticular virtue of the preceding development is to show 
that model and prototype do not necessarily have to 
have similar pore size distributions. Thus, artifically con- 
structed flow models (which usually possess a rather 
uniform pore size distribution) can be actually consid- 
ered as representative of natural reservoir materials. In 
the light of these remarks it is believed that the general- 
ized scaling laws increase the range of applicability and 
add considerable significance to the results of flow model 
experiments. 


RECAPITULATION 


The system of Equations 19 represents, from a mathe- 
matical standpoint, the formulation of the scaling 
properties of three-dimensional flow systems composed 
of two incompressible, immiscible fluids subjected to 
gravity and capillary forces. These mathematical or 
macroscopic scaling properties must be supplemented by 
physical considerations, expressed by Equations 30 or 
32, regarding the structure of porous media and the 
micro-behavior of fluids. Equation 30 or Equation 32 
must be used in conjunction with Equations 19, accord- 
ing as to whether the pore size distributions of model 
and prototype are supposed to be similar or dissimilar to 
each other. It is furthermore implied in all derivations 
that the relative permeabilities and capillary pressures 
applying to model and prototype are functions of satura- 
tion only. 

In addition to the requirements explicitly discussed in 
the derivations, it is apparent that the initial (boundary) 
conditions and the succession of operations must be the 
same for model and prototype. In summary, then, the 
conditions required for proper modeling of water-oil 
flow processes can be stated as follows: 

1. The model must be constructed in such a manner 
as to reproduce the prototype geometry (boundaries, 
well distribution, well penetration). 

2. The initial fluid distribution as well as the succes- 
sion and distribution of operations (water injections and 
all oil withdrawals) must be the same for model and 
prototype. 
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3. The relative permeability functions and the oil- 
water viscosity ratio must be the same for model and 
prototype. 

4. The capillary pressure functions applying to model 
and prototype must be related to each other either by 
direct proportionality: 


or by general linear transformation: 


5. If there is direct proportionality between model 
and prototype capillary pressure functions, (Equation 
15a), the pore size distributions are similar and the 
values of contact angle are the same for model and pro- 
totype. The design and operation of the model must then 
be conducted in accordance with Equations 19 and 30 
which may be restated as: 


moder = prototype (33) 


This set of equations defines the “basic” scaling laws. 


6. If there is general linear correlation between model 
and prototype capillary pressure functions (Equation 
1S5b), the pore size distributions are not similar and the 
values of contact angle are different for model and pro- 
totype. The operation and design of the model must in 
this case be conducted in accordance with Equations 19 
and 32, which may be restated as: 


dP. = dP. (34) 
dS | model dS | prototype 
1 
k/(acosg)? | 28 
| model 
1 
= | k/f(ocosoy? { (35)’ 
P. | prototype 


These latter conditions extending the flexibility of model- 
ing procedures beyond that offered by the basic scaling 
laws may be qualified as “generalized” scaling laws. In 
the application of Equation 35’ it is necessary to evalu- 
ate empirically a scale ratio of contact angles producing 
the same relative permeabilities for model and prototype. 
Thus in using the generalized laws, the scale ratio of 
permeabilities (and of rates, which are directly affected 
by the permeability scale ratio) can be defined only 
within the limits of accuracy to which an appropriate 
ratio of contact angles can be estimated. 

It will be noticed that in the above system of scaling 
conditions, Equation 33 may be replaced by the equiva- 
lent expression: 


LAp/ dP. _ [LAp/aP. (36) 
“dS |model “dS | prototype 


Thus the relationship between the scale ratios of dimen- 
sions, fluid density differences and capillary pressures is 
independent of (uncertainties in the evaluation of) the 
scale ratios of permeabilities and rates. 

A model designed and operated in accordance with 
the above outlined conditions will exhibit a behavior 
that is in all points similar to that of the prototype. More 
specifically it can be stated that: 


. The saturation distributions existing in the model 
and in the prototype are similar at homologous 
times. 

b. The relationship between cumulative water injec- 

tion or influx and oil recovery observed in the 


model is the same as that to be expected in the pro- 
totype. 

c. The pressure distributions existing in the model are 
similar to those existing in the prototype, the flow- 
ing pressure drops in the model being, however, re- 
duced in the same proportion as the derivatives 
(with respect to saturation) of the capillary pres- 
sure functions. 

d. The ratio of corresponding operational or homol- 
ogous times between model and prototype (c.f. 
Equations 17 and 19) is determined as: 

T/T’ = k’ {dP’. / dP. 


i Ap 


DISCUSSION AND APPLICATIONS 


REVIEW OF SCALING ANALYSES 


Most formulations of scaling laws presented in the 
literature of petroleum technology were based on the use 
of dimensional analysis which requires an implicit or 
advance knowledge of all the pertinent dimensional, as 
well as dimensionless, variabies influencing the flow pro- 
cesses under consideration. For the sake of clarification 
and completeness it appears desirable to compare the 
scaling conditions established by dimensional analysis 
with those obtained by the present somewhat more ex- 
plicit mathematical approach. 


In the treatment advanced by Leverett et al’ it is 
implied that acceleration is a pertinent variable. Con- 
sidering further that gravitational acceleration is neces- 
sarily the same for model and prototype, one of the 
basic scaling conditions was formulated as: 

L/P 

While it is true that the acceleration of gravity is the 
same for model and prototype, it must be kept in mind 
that in laminar flow the forces of inertia are negligible 
so that acceleration is actually not a pertinent variable 
in regard to the flow processes governed by Darcy’s 
Law.* Thus, in laminar flow processes the relationship 
between distance and time scale ratios is established 
merely by stating that during homologous time intervals, 
a fluid particle must travel homologous distances in 
model and prototype, as expressed by Equation 17; this 
then leads to the scaling conditions (Equation 19) 
which necessarily differ from those proposed by Lev- 
erett et al. It is pointed out that the scaling conditions 
advanced by Leverett et al are not in contradiction with 
but rather in excess of those actually required for the 
modeling of laminar flow processes. The requirement of 
equal accelerations for model and prototype merely cor- 
responds to a supplementary restriction which may be 
expressed as: 

(fuwVL/kAp)model = (fu. /L/kAp) prototype 
The use of this latter condition, in addition to the scaling 
Equations 33 through 35, decreases the number of inde- 
pendent parameters or scale ratios, and thereby appre- 


*In the description of laminar flow processes in porous media, the 
“gravitational constant,’”’ g, represents merely a conversion factor 
to express head of fluid in units of pressure (atmospheres). 
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ciably reduces the scope of the modeling procedures per- 
taining to fluid flow in porous media. 

The succinct analysis established by Engelberts and 
Klinkenberg’ applies to linear flow systems and leads to 
the conclusion that the geometry (defined by length, 
thickness, and angle of tilt), the viscosity ratio, and the 
two dimensionless groups: 

(a) Apk/Vpw and (b) LApVk/acosé 
must be the same for model and prototype. These condi- 
tions are essentially in agreement with the “basic” scal- 
ing laws expressed by Equations 33 through 35. By ac- 
counting for the relation between total rate of injection 
and unit flux for model and prototype: 


qd 


16)’ 

qV ( 
a combination of Equations 33, 34, and 35 results in: 
(Apk/Vitw) model = (Aek/ prototype (38) 
(LApVk/fo) nodel = (LApVk/fo) prototype (39) 


As regards the combination of dimensional quantities, 
the groups figuring in the above equations are similar to 
those of Engelberts and Klinkenberg. However, in re- 
gard to the role of the dimensionless parameters, the 
present derivations show that porosity can, and usually 
should, be considered as a scalable characteristic. On 
the other hand, the contact angle entering into the group 
(b), proposed by Engelberts et al, must be the same for 
model and prototype and, therefore, should not be 
treated as an independent parameter. In further explana- 
tion, it should be pointed out that the treatment of 
Engelberts and Klinkenberg (as well as that of Leverett 
et al) implies similar pore size distributions for model 
and prototype, and that an explicit consideration of dis- 
similar pore size distributions was not attempted in their 
analysis. 


From the viewpoint of general applicability, an ad- 
vantage of the present treatment of scaling over those 
based on dimensional analysis is that it permits specific 
consideration of the functions currently employed in 
reservoir engineering to define multiphase flow charac- 
teristics. The explicit correlation between model and 
prototype capillary pressure curves entering into the gen- 
eral scaling equations is believed to be of particular use 
in evaluating the practical significance of flow model 
test results. On the other hand the detailed mathematical 
formulation (c.f. Equations 7 and 8) used to derive the 
scaling properties of water-oil displacements shows that 
the present scaling laws are valid only in the case where 
the relative permeability and capillary pressure functions 
are independent of rate and fluid viscosity. 


APPLICATION OF SCALING Laws To 
SIMPLIFIED CASES — EXAMPLE 


The scaling relations expressed by Equations 33 
through 35’ cover the most general situation of a three- 
dimensional flow system. The scaling properties of less 
complex systems as encountered in linear or two-dimen- 
sional (areal) flow problems, or for situations where 
capillary or gravitational effects are negligible, can be 
readily derived from these general equations. In the 
case where gravity effects are considered to be negligible, 
the consideration of Equation 34’ together with 35’ is 
sufficient to define the generalized conditions of scaling. 
On the other hand, if capillary effects are negligible the 
conditions of scaling are described by Equations 33 and 
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35’. For flow processes that are influenced neither by 
gravity nor capillarity, the general scaling conditions 
reduce to Equation 35’. 

For linear flow systems it should be noticed that all 
pertinent variables such as pressure, partial flow rates 
of oil and water, and saturation are, by definition, con- 
stant at any moment over any one cross section. Ac- 
cordingly, the analysis of linear flow phenomena can be 
restricted to the consideration of systems of unit cross- 
sectional area, and the scaling of linear systems can be 
performed on the basis of unit flux, v, or w, rather than 
on the basis of total rate of injection, gq. 

On the basis of the preceding remarks, it may be veri- 
fied that for linear, vertical water-oil displacements the 
generalized scaling conditions reduce to Equations 35’ 
and 36 in combination with: 


w kL’ p'y(dP. /dP’. 


which results in the following ratio of homologous oper- 
ational times: 


A numerical example illustrating the application of 
the above scaling relations to the modeling of a bottom 
water drive in a high relief reservoir is summarized in 
Table 1. The model considered for this example con- 
sists of a 2-ft long dri-filmed alundum core having a 
water-oil capillary pressure curve as shown in Fig. 1. 
The other characteristics of the model and of the fluid 
system employed are presented in Table | together with 
those of hypothetical reservoirs simulated by this 
model. The characteristics of reservoir I are derived by 
application of the basic scaling laws and those of reser- 
voir II by application of the generalized scaling laws. 
The capillary pressure curves assumed for both these 
reservoirs are shown in Fig. 1. 

Examination of Table 1 and Fig. 1 shows that the 
characteristics of both reservoirs simulated by the model 
of this example definitely fall within the range of prac- 
tical conditions. However, reservoir II corresponds to 
a higher permeability, greater closure and a more realis- 
tic capillary pressure curve. This, then, illustrates the 
greater flexibility of the generalized scaling laws as com- 
pared to the basic scaling laws which were used to de- 
rive the characteristics of reservoir I. 


TABLE | — EXAMPLE OF CORRELATIONS BETWEEN MODEL 
AND PROTOTYPE CHARACTERISTICS 
Reservoir | Reservoir || 
(by (by application 
of *‘basic’ of ‘‘generalized'' 
Model scaling laws) scaling laws) 
Water-Oil Density 
Difference: 0.5 gm/cc 0.2 gm/cc 0.2 gm/ce 
Capillary Pressure _...-P’c Per = 10 P’< Perr = 50 P’c — 16.9 psi 
Height or Closure _...... 2 ft 50 ft 250 fi 
OUI Viscosity 3.6 cp 1.2 cp 
Water Viscosity...........1.8 cp 0.6 cp 0.6 cp 
Interfacial Tension 25 dyn/cm 30 dyn/cm 30 dyn/cm 
Contact Angle 
(in oil phase)........._.0° oc 25° to 65° 


7,200 md 52 md 312 to 1,560 md 


Average: 700 md 


Permeability.._- 


Scale Ratio of Water 

Influx Rates. w/w’ = .0087 w/w’ = .052 to .26 
Average: .115 

T/T’ = 1440 T/T" = 317 to 1585 


Average: 710 


Scale Ratio of Times 


‘For linear, horizontal water-oil displacements, in which gravity ef- 
fects are considered to be negligible, the generalized scaling laws 
reduce to Equations 35’, 40, and 41. 
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It will be noticed that the scale ratios of permeability, 
rate of water influx and operational times applying to 
reservoir II are not exactly defined, but are merely in- 
dicated within a certain range. This illustrates the uncer- 
tainties associated with the application of the generalized 
scaling laws. 

Since in this example the Be and reservoir II have 
dissimilar pore size distributions, a contact angle had to 
be estimated for reservoir II ar would produce the 
same oe permeability functions as those applying to 
the model. While ate imental evidence to date is 
not sufficient to provide a reliable basis for carrying out 
such an Ree it appears reasonable to assume that 
the desired vajue of contact mee will be between the 
limits of 25° and 65°. Accordingly, by application of 
Equations 35’, 40, and 41, only “probable” average val- 
ues can be assigned to the scale ratios of permeability, 
rate of water influx and operational time. It is seen that 
these scale ratios can possibly deviate from their respec- 
tive average values by a factor of approximately 2.2. 
Thus, while the use of the generalized scaling laws does 
not allow exact determination of the permeability, rate 
and time scale ratios, it permits the definition of their 
order of magnitude. 


PRINCIPLES OF APPLICATION 


The application of the scaling laws requires considera- 
tion of porous media having ‘different specific perme- 
abilities and porosities but possessing identical relative 
permeability functions and similarly shaped capillary 
pressure curves. In practice such a situation is not likely 
to occur, and in most cases it may be impossible to find 
a suitable material for the construction of a model per- 
mitting quantitative scaling of a flow process occurring 
in a given reservoir. However, valid information of great 
practical utility can be obtained by means of model 
studies scaled and interpreted on the basis of a reverse 
or “synthetic” approach, This approach consists of using 
the scaling equations for extrapolating model data to 
hypothetical reservoirs that would have the same relative 
permeability curves as the model material and capillary 
pressure curves that are similar to those of the model. 

The reproduction of the relative permeabilities and 
the similarity of capillary pressure functions represent 
definite limitations in the application of the above extra- 
polation procedure. Furthermore, if it is desired to make 
use of the “generalized” scaling laws, the scale ratios of 
permeability and operational time can only be approxi- 
mated. However, the sizes, the absolute values of capil- 
lary pressure (1.e., the position of the capillary pressure 
curves), and the order of magnitude of the specific per- 
meabilities corresponding to the hypothetical, extrapo- 
lated reservoirs simulated by a given model can be se- 
lected with a considerable degree of liberty (c.f. numeri- 
cal example). Therefore, model tests performed with 
two or three different materials, corresponding to differ- 
ent, limiting, types of relative permeability and capillary 
pressure diagrams, should permit the study of water-oil 
flow processes for a wide range of reservoir conditions. 
uld then be esti- 
mated by fitting or interpolating the characteristics of 


The behavior of a specific reservoir « 


this reservoir into the range of conditions covered by the 


experimental model studies. 
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NOMENCLATURE 


Subscripts o and w pertain to oil and water, respec- 


tively. Ordinary symbols refer to prototype, primed 
symbols to model. Corresponding variables for proto- 
type and model must be expressed in the same units. 
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S: Water saturation (dimen- 

sionless fraction) 

z: Spatial coordinates (cm) 

T: Time (sec) 

f: Porosity (dimensionless 

fraction) 

k: Specific permeability (dar- 

cies) 

kyo, Krw: Relative permeabilities to 

oil and water (dimen- 
sionless functions of sat- 
uration) 

}4o» fw: Viscosities of oil and water 

(cp) 
Pos Pw: Pressures in oil and water 
(atm) 
P..: Capillary pressure, function 
of saturation (atm) 

V., V.: Unit flux for oil and water 
(rate of flow per unit 
cross-sectional area in 
cc/cm’/sec) 

Total, two-phase unit flux 
(cc/cm’/sec) 


: Components along axes of 


coordinates of two-phase 
unit flux (cc/cm’/sec) 


: Densities of oil and water 


(gm/cm’) 


: Density difference between 


water and oil (gm/cm’) 


: Gravitational conversion 


kee w 
) 


factor (cm’ atm/gm) 


Dimensionless function of 
saturation 


Dimensionless function of 
saturation 

Principal or corresponding 
dimensions for prototype 
and model (cm) 


: Total rates of water injec- 


tion or influx (equal to 
total rates of fluid with- 
drawal) for prototype 
and model (cc/sec) 


: Cumulative injection or in- 


flux for prototype and 
model (pore vol.) 


: Dimensionless shape factor 


defining prototype and 
model pore volumes on 
the basis of their prin- 
cipal dimensions, 
namely: 

Prototype Vol. = L*: « -f 
Model Vol. = L”- « -f’ 


: Water-oil interfacial tension 


(dyn/cm) 


: Water-oil-solid contact an- 


gle (dimensionless) 


: Lithology factor (dimen- 


sionless ) 


: Textural constant (dimen- 


sionless) 


: Scale ratio of dimensions 
: Scale ratio of total injec- 


tion or production rates 


: Scale ratio of porosities 
: Scale ratio of permeabilities 
: Scale ratio of fluid density 


differences 


: Scale ratio of fluid viscosi- 


ties 


: Scale ratio of capillary 


pressure functions 


: Additional capillary pres- 


sure scaling parameter 
(atm) 
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HYDROCARBONS OBTAINED from PETROLEUM ROD WAXES 
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Data are presented on the physical properties of five 
waxes obtained from fields in Texas and Louisiana in 
which “paraffin” troubles are being experienced. The 
crude paraffin was fractionated into three components, 
soluble in cold acetone, soluble in boiling acetone, and 
insoluble in boiling acetone. The acetone insoluble frac- 
tion was found to consist essentially of straight chain 
paraffin hydrocarbons in the molecular weight range 
525 to 700. 

Solubilities of the purified high molecular weight 
paraffins were determined in a number of solvents. It 
was found that in hydrocarbon solvents, including crude 
oil, solubilities could be calculated satisfactorily by use 
of ideal solubility relations. In chlorinated, and oxygen- 
ated solvents, large deviations from ideal behavior were 
observed. These deviations could be partially corre- 
lated with the internal pressure of the solvent. 


EN ERO 


A problem encountered in many producing oil fields 
is that of “paraffin” deposition. The problem refers to 
the deposition of material from the crude oil onto 
tubing, pumping rods, flow lines, or other material 
contacted by the crude. This problem has been recog- 
nized for nearly a hundred years, and numerous in- 
vestigations have been reported on its causes and pre- 
vention or alleviation. One of the more comprehensive 
of such investigations was published by Reistle’ in 1932. 


References given at end of paper. 
Manuscript received in Petroleum Branch office on April 21, 1955. 
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A few of the salient findings of his report are briefly as 
follows: 

The term “paraffin” as used to describe this problem 
refers to the deposit of carbonaceous material which 
is not soluble or dispersible by the crude oil under the 
conditions where deposition occurs. The “paraffin” nor- 
mally consists of high molecular weight paraffin hydro- 
carbons, both straight chain and branched, resins and 
asphaltic materials of undetermined nature, occluded 
oil and water, and possibly sand. In consistency, the 
deposit may vary from a soft, sticky material, to one 
which is hard and brittle. Deposits are usually black, 
although lighter colors are sometimes observed. 

Under the conditions of temperature, pressure, and 
crude oil composition occurring in the underground 
reservoir, the paraffin is in suspension or solution in 
the crude. As the oil flows to the surface, there is gen- 
erally a reduction of temperature, pressure, and the 
amount of dissolved gases contained in the oil. Reduc- 
tion of temperature and gas break-out were shown by 
Reistle to be factors causing reduced solubility of the 
paraffin in the crude. Thus, as the crude containing 
paraffin rises to the surface and flows to storage tanks 
at atmospheric temperature, the solubility of the par- 
affin may be exceeded. Deposition will begin at the 
point in the system where the temperature of the sys- 
tem falls below its cloud point, and continue as long 
as there is a further drop in the solution power of the 
crude for the paraffin. The severity of the deposition 
as well as the location of the bulk of the deposition, 
i.e., in subsurface or surface equipment, will depend 
on the amount of paraffin originally in the crude, the 
manner in which pressure and temperature of the crude 
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are reduced, and other properties of the crude and of 
the paraffin. 

As was shown by Reistle, the melting point of the 
paraffin is the principle factor influencing the solubility 
of a paraffin in a given solvent, the solubility decreas- 
ing sharply with increased melting point, as would be 
expected. For hydrocarbon solvents, the main factor 
which influenced solvent power was shown by Reistle 
to be the API gravity of the solvent, solvents of high 
API gravity (or lower specific gravity) being superior 
paraffin solvents. 


OBJECTIVE OF THE PRESENT WORK 


It was thought that the various factors described 
above could be embodied in a single relation on a 
quantitative basis, thus making it possible to predict 
the solubility of any paraffin in any crude or solvent 
at any temperature. If it can be assumed that the sys- 
tem, paraffin-crude oil (or other solvent) is an ideal 
solution, then the familiar relation can be used:* 


InN, = — —1/Tq) 


w./M, + w,/M, w,/M, 
since for dilute solutions w./M, « w,/M,; 
Combining Equations 1 and 2 and converting to com- 
mon logarithms, we obtain 

The last equation may be verified by determining 
cloud points of solutions of known weights of paraffin 
in solvents of known molecular weight. If the melting 
point and heat of fusion of the paraffin are known, it is 
then possible to calculate the amount of paraffin which 
would be in solution at the measured cloud point. The 
equation then may be verified by comparing the ob- 
served and calculated values of the paraffin solubility 
at the cloud point temperature. 


VERIFICATION OF THE EQUATION 


DETERMINATION OF T,,, AND AH, 


As stated previously, the paraffins obtained from field 
deposits are complex mixtures of hydrocarbons and 
other materials. These materials have a wide range of 
melting points, solubilities, etc. It was decided to at- 
tempt a partial separation and purification of the sam- 
ples received. Each sample of paraffin was separated 
into three fractions, by successive treatments with hot 
acetone. One hundred gm of the paraffin was melted 
and poured into 300 ml of acetone, and refluxed for 
one hour. 

The boiling acetone solution was then decanted from 
the undissolved paraffin. The undissolved fraction was 
again treated with acetone, as many times as were 
necessary to remove all material soluble in boiling 
acetone. Material not soluble in hot acetone will be 
described as “hard wax.” The acetone solutions were 


152 


combined and cooled at 10° C. Any material which 
precipitated on cooling of the acetone is described as 
“soft wax.” The acetone, filtered of soft wax, was then 
evaporated and the residue, soluble in cold acetone, is 
described as “oil.” 

Further purification of the hard waxes was effected 
by standard purification methods employing recrys- 
tallization from suitable solvents and by urea extractive 
crystallization.’ The final products were white, flaky 
waxes of fairly sharp melting points. 

Table 1 lists the properties of the five waxes in- 
vestigated. The melting points of the crude paraffins 
were determined from cooling curves of the molten 
paraffins. It will be observed that the melting points 
of the crude paraffins vary over a rather wide range, 
as do the melting points of the pure paraffins prepared 
from them. The crude paraffins all contain about the 
same proportion of oil (23 to 36 per cent). The per- 
centage of soft wax generally falls and the percentage 
of hard wax rises with the melting point of the crude 
paraffin. The proportion of normal paraffins in the hard 
wax is uniformly high at 70 per cent or greater, while 
the proportion of hard wax in the crude paraffin is 50 
per cent or more. Thus, the proportion of high molec- 
ular weight normal paraffin hydrocarbons in the crude 
paraffin is about 40 to 60 per cent, and this fraction 
has a melting point range of only 2° C. 


TABLE 1 
Paraffin A B G D E 
M.P. of Crude Paraffin, 
152 153 176 176 184 
66.5 67 80 80 84.5 
Per: Cent 24 30 30 36 23 
Per Cent Hard Wax...-.....----2-...0.- 49 525 62 51.5 74.5 
...73.5-77 80.5-81.5 89-91 88-91 85.5-89 
Yield of n-Paraffins 
Yield of n-Paraffins 
from Crude Wax, %.-......- mA? 38 57 48 58 
76-78 79.5-82 89.5-90 89-90 90-92 


In the calculation of the solubilities of the natural 
paraffins in their associated crudes, the hard wax puri- 
fied fraction has been considered to be the key frac- 
tion, since its solubility is the least of the three frac- 
tions prepared. Furthermore, there can be little error 
introduced by this assumption, since the hard wax 
fraction is in every case 50 per cent or more of the 
total paraffin deposit. 

The average molecular weight of the purified hydro- 
carbon can be determined as a function of its melting 
point using the data of Van Nes and Van Westen’, 
which function is reproduced in Fig. 1 as a plot of 
the number of carbon atoms, n, vs the melting point 
of the normal paraffin. The latent heat of fusion was 
determined by measuring the solubilities of the purified 
waxes in heptane at several temperatures. Equation 1 
may be written: 

AH, AH, 
Ry (4) 

A plot of In N. vs 1/T gives a straight line whose 
slope is — AH,/R and whose intercept at N. = 1.000 
equals 1/T7,,. Fig. 2 gives the solubilities of the five 
waxes in heptane, as well as the solubility of dotria- 
contane for comparison. It is unfortunate that the extra- 
polations had to be extended so far from lower tem- 
peratures because of insufficient quantities of wax to 
determine solubilities at temperatures approaching the 
melting points. However, it is of interest to note that 


= 


PETROLEUM TRANSACTIONS, AIME 


OF C ATOMS 


MELTING POINT 
50 VS. 
CHAIN LENGTH 
40 
30 
20 — 
10 
f MELTING POINT OF WAX, °C | 
40 60 80 100 


Fic. | —— PLoT OF THE NUMBER OF CARBON ATOMS, N, 
VS THE MELTING POINT OF THE NORMAL PARAFFIN.’ 


the extrapolated lines do intersect the point N. = 1.000 
at temperatures which are equal to the wax melting 
points within the limit of experimental error of our 
measurements and melting point determinations. Since 
we do not have measured values at elevated tempera- 
tures, the possibility of transition of the waxes at tem- 
peratures below the melting point as described by Hilde- 
brand’ is not ruled out. However, the error introduced 
in assuming that the transition temperature and melt- 
ing temperature are equal, i.e., that there is no transi- 
tion, is probably negligible for the paraffin waxes of 
high melting point, since the two temperatures are 
known to approach as the molecular weight of the 
wax rises. Thus, Muller’ reports for C, a m.p. of 
66.6° C, and a transition point 9° C lower; for Cy, a 
m.p. of 72.8, transition point 5° C lower; and for C,, 
a m.p. of 86.4, transition point 0.6° C lower. Seger’ 
presents similar data and predicts that the transition 
point and melting point will become equal for par- 
affins of 45 to 46 carbon atoms and more. 

In attempting to correlate the experimental solubility 
data, a compilation was made of all of the literature 
values of heats of fusion of normal paraffins. The 
entropies of fusion per mole and per carbon atom 
were then calculated. These data are listed in Table 2. 
It will be seen that the entropy per carbon atom lies 
between two and three entropy units for all paraffins 
above butane. The even-odd sequence is obvious up to 
20 carbon atoms. A plot of the entropy per carbon 
atom vs the number of carbons (Fig. 3) indicates that 
the odd-even effect eventually disappears, and that for 
high molecular weight normal paraffins, a constant 
value of about 2 e.u. or (R e.u.) per carbon atom 
is attained. Hildebrand’ and Glasstone® give theoretical 
reasons for expecting such a value. The value of 1.60 
e.u. per carbon atom derived from the data of Meyer 
and van der Wyk’ probably should not be included in 
this table, since their solubility data for Cy Hy,» are 
given in decalin, which is an abnormal solvent, as will 
be pointed out later in this paper. 


EFFECT OF SOLVENT, DETERMINATION OF M, 

The equation was verified in a number of hydro- 
carbon and nonhydrocarbon solvents. Table 3 presents 
the data, listing the ratio of measured to calculated 
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TABLE 2 — LATENT HEAT AND ENTROPY OF FUSION FOR NORMAL 
PARAFFIN HYDROCARBONS 


n t 


No. of m.p. m.p. = AHr/T ASt 
C atoms °K K cal/mole cal/mole/° n Notes 
1 — 182.6 90 0.232 1 
2 Saye. 101 0.666 6.59 3.30 1 
3 
4 138 1.044 1.89 1 
S) Noles) 141.5 1.998 14.10 2.82 1 
6 179 3.065 17.12 2.86 1 
— 90.6 183 3.370 16.76 2.39 1 
8 OL 217 4.935 22.7 2.84 1 
9 = by! 219. 3.70 16.9 1.88 5 
10 == 241 6.850 2.85 1 
11 247 5.320 1.96 
12 = 261 8.710 33.4 2.78 
ile = 268 6.84 25.5 1.96 5 
14 + 6 279 11.04 39.5 2.82 5 
15 10 283 8.31 29.4 1.96 5 
16 18 291 12.39 42.55 2.66 5 
17 a 295 9.65 32.70 1.93 5 
18 28 301 14.80 49.20 2.73 3) 
20 38 311 14.68 47.2 2.36 1 
23.5 50 323 18.72 58.0 2.95 2 
25 54 327 18.88 57.8 Zoi 1 
32 70 343 22.9 66.8 2.08 ] 
37.38 78 351 24.3 69.3 1.86 3 
42.2b 83 356 PARE) 82.4 1.95 3 
47.0 89 362 33.4 92.1 1.96 3 
48.04 90 363 34.5 95.0 1.98 3 
49.0° 91 364 34.5 94.8 1e9S 3 
60 99.5 372.5 44.0 108.1 1.80 4 


“Purified Paraffin—A 

»Purified Paraffin—B 

©Purified Paraffin—C 

‘Purified Paraffin—D 

°Purified Para ffin—E 

(1) Literature values of measured heats of fusion. 

(2) From solubility vs temperature of commercial paraffin wax in naphtha, 
data of Work & Berne-Allen, Ind. Eng. Chem., 30, 806 (1938). 

(3) This work from solubility vs temperature in n-heptane. 

(4) From solubility vs temperature in’ decalin — Meyer and van der Wyk — 
Helv. Chem. Acta., p. 1313 (1937). 

(5) From cryoscopic constants, Table 14-3 of Rossini, Mair & Streiff, ‘‘Hydro- 
carbons from Petroleum."’ 


solubilities by Equation 3. For each solvent, the solu- 
bility of at least one of the purified waxes was deter- 
mined over a temperature range sufficient to give a 10 
to 30-fold range in concentration of the dissolved wax, 
1.e., from 0.05 to 3.2 gm wax per mole of solvent. 
The molecular weight of the solvent for solvents con- 
sisting of crude oil or any fractions obtained by dis- 
tillation of crudes was determined from the specific 
gravity and average boiling point of the solvent as 
described by Nelson.” The temperature range of the 
solubility measurements was from S° C to 55° C de- 
pending on the solvent in use. The data of Table 3 
give the ratio of calculated to measured solubilities at 
35° C. In some cases, these data were extrapolated 


No 90 80 70 60 4 °C 
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from higher or lower temperatures, for very abnormal 
solvents. 

As can be seen from Table 3, most hydrocarbon sol- 
vents give solubilities which are not different from 
those calculated by Equation 4 by more than a factor 
of 3. Decalin is the hydrocarbon with the maximum 
deviation. Pure hydrocarbons, whether aliphatic, aro- 
matic or olefinic give values close to theoretical. The 
solubilities of naphtha and kerosene fractions derived 
from crude oils are generally greater than calculated 
by a factor of 2 to 3. In only one case, was it possible 
to measure the solubility of the wax in its parent crude, 
since cloud points could not be determined with the 
existing equipment in the dark, black, crudes. One 
crude was sufficiently light to measure cloud points 
in it. This crude contains about 24% per cent of soft 
waxes melting at approximately 55° C. It was found 
that the solubility of the hard wax in this crude was 
very close to the calculated value at a temperature of 


TABLE 3 — EFFECT OF VARIOUS SOLVENTS ON SOLUBILITY OF HIGH 
M. W. WAXES IN TEMPERATURE RANGE 15-55° C 


Temperature 
Increase to 
Solubility Factor Internal Pressure Double Solubility 
Solvent (Heptane = 1.00) cal/cc 2¢ 
OX 1.41 52.6 4.3 
1.00 55.5 3.8 
0,55 63.4 
Mineral Oil = 
MW = 110 232 4.1 
2.4 4.) 
0.92 4.2 
1.00 4.1 
0.87 84.0 3.7. 
1.63 79.0 3.4 
E69: 80.5 4.0 
0.81 86.5 4.0 
1.20 84.0 
47.3 
0.46 94.0 
1.61 86.5 4.1 
74.7 4.3 
0.017 96.1 3.0 
1.00 4.2 
CCle = CCle.............. 3.00 94.0 4.2 
= 3.00 90.5 4.2 
CHCle — CHCl2_.. 0.17 72.0 4.0 
— CHCle 1.20 65.5 4.3 
CHCle — CHeCl 0.12 88.2 4.6 
CS 4.7 @ 25°C R13 
100.0 (25°C to 35°C) 
CO) —sGHe 0.02 98.6 


Note: Solubility in heptane is approximately 1.1 
value for these waxes. 


- 1.5 times theoretical 


50° C, but deviated from the calculated value at lower 
temperatures, being only half the calculated value at 
25° C. However, the solubility of the hard wax, in a 
sample of crude which had been dewaxed of its soft 
waxes by treatment with cold acetone, was very close 
to the calculated value. 

It may be concluded that Equation 4 can be satis- 
factorily used for calculating the solubility of the hard 
waxes in pure hydrocarbons, crude oils, or fractions 
derived by distillation of crudes. 

The situation regarding nonhydrocarbon solvents is 
greatly different. A number of chlorinated derivatives 
of methane and ethane were investigated and there 
was found to be a considerable variation in their sol- 
vent powers, from CCl,, which is over five times the 
theoretical, to CH,Cl — CH.Cl, which is about one 
hundredth of theoretical. In general, the more highly 
chlorinated solvent in a series is the best solvent. Oxy- 
genated solvents such as acetone and ethanol were 
found to be very poor, while carbon disulfide was found 
to be the best of all solvents investigated. 

When the internal pressure of the solvent at 25° C 
was plotted against the solubility factor at 35° C, the 
data shown in Fig. 4 were obtained. The internal pres- 
sure is defined as the heat of vaporization per cc of 
solvent. Data were obtained from Hildebrand’s Solu- 
bility of Non-electrolytes, where listed by him. Other 
values were calculated from vapor pressure-temperature 
data to obtain latent heats of vaporization, and hand- 
book values of molar volumes. It will be observed that 
there is a clear relation between the solubility factor 
and the internal pressure, the solubility factor increas- 
ing as the internal pressure decreases. The three chlo- 
rinated methanes fall on one line, and the six chlo- 
rinated ethanes on another parallel line. The two chlo- 
rinated ethylenes lie near the second line. 

Aliphatic hydrocarbons including decalin are grouped 
together on a third line, and aromatic hydrocarbons 
including tetralin are on a fourth. The slopes of the 
four lines are parallel, with considerable uncertainty 
present in the value of the last two lines, since the solu- 
bility factors do not differ appreciably from unity for 
any of the hydrocarbons except decalin. The relation 
of solubility decreasing with internal pressure of the 
solvent is in line with Hildebrand’s findings. It will be 
noted that the internal pressures of acetone and car- 
bon disulfide are the highest of any of the solvents we 
report. Yet acetone is the poorest solvent plotted, and 
carbon disulfide the best. 


EFFECT OF SOLUTION TEMPERATURE 
AND WAX MELTING POINT 


It can be seen from Equation 1 that for equal molar 
solubilities any increase in the melting point of the 
wax must be offset by an equal increase in the solution 
temperature, i.e., the solubility at any temperature is 
less the higher the melting point of the wax. On a 
weight basis, the wax solubility does not drop off as 
sharply with its melting point, since the molecular 
weight of the wax also rises with its melting point 
as shown in Fig. 1, somewhat compensating for the 
decreased molar solubility. Experimental solubilities 
for five of the waxes in heptane at 35°C are tabulated 
below in grams per mole of solvent. Two pure paraffins 
(nC.sH;, and nCy.H,«) are also included for comparison. 
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The calculated and observed mole fractions solute 
as well as the heats of fusion obtained from solubility 
vs temperature plots are also listed. It will be noted that 
an increase in the melting point of the wax of 13°C 
results in a 40-fold decrease in the observed solubility 
on a weight basis, or a 50-fold decrease on a molar 
basis. This is at 35°C. At higher temperatures, the ratios 
are less, because of the steeper slope of the plots for the 
higher melting point waxes. The calculated tempera- 
ture coefficients are proportional to the heats of fusion, 
hence the slopes of the highest (91° m.p.) wax and the 
lowest (78° m.p.) are in the ratio of their heats of 
fusion = 34.5/24.3 = 1.42. We may thus calculate from 
Equation 4 that a temperature rise of 3.6° is required to 
double the solubility of the 91° wax and of 5.1° to 
double that of the 78° wax at 25°C. Corresponding 
figures at 50°C are 4.2 and 6.0°C, respectively. Table 
3 lists the solubility temperature coefficients for the 
various waxes in a number of solvents. The average 
value of the coefficient for a particular wax in a given 
solvent in the temperature range utilized was calculated 
and is listed. The temperature range was from 15° to 

It can be seen from the data of Table 3 that normal 
solvents give solubility-temperature coefficients in close 
agreement with the theoretical calculations. Thus, the 
coefficients in heptane for the 91° and 78° wax are 4.9° 
and 3.7°. These are close to the calculated values at 
25° listed above. Abnormal solvents give coefficients 
which do not agree with the calculated values, as will be 
observed for CS, (solubility factor 11.2 at 35°C, and 
solubility-temperature coefficient —-3.3°C), and for 
CHCl.-CHCl, (solubility factor —0.05, temperature co- 
efficient —3.0). 


TABLE 4 — MEASURED AND CALCULATED SOLUBILITIES OF NORMAL 
PARAFFINS IN HEPTANE AT 35° C 


Mol Solu- Measured Calculated 
M. P. of Wax Wt. bility, gm Mole Fraction AHe Mole Fraction 
3.6 0.0068 24.3 0.0059 
83 oe 595 0.85 0.00143 29.3 0.0010 
89 . 660 0.165 0.00025 33.4 0.00020 
90 , 675 0.105 0.00015 34.5 0.00013 
91 690 0.095 0.00014 34.5 0.00011 
69 (Dicetyl) 452 13.4 0.029 2210% 0.017* 
61 (Octacosane).. 394 17.3 0.042 PINES fi 0.105* 


0.066** 


*Calculated from solubility vs temperature measurements. 
**Calculated on basis of AHr = n R Tin. 
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Solubilities of purified high molecular weight paraffins 
were determined in a number of solvents. It was found 
that in hydrocarbon solvents, including crude oil, solu- 
bilities could be calculated satisfactorily by use of ideal 
solubility relations. In chlorinated, and oxygenated sol- 
vents, large deviations from ideal behavior were ob- 
served. These deviations could be partially correlated 
with the internal pressure of the solvent. 

The solubilities of the purified waxes in heptane 
closely approached ideality. Heats and entropies of 
fusion were calculated from the slopes of the tempera- 
ture solubility plots. These values were compared with 
literature values for other straight chain paraffins, and 
the conclusion drawn that the molar entropy of fusion 
per carbon atom is constant and equal to R calories 
per degree for high molecular weight normal paraffins. 


The author wishes to express his thanks to the man- 
agement of The Texas Co. for granting permission to 
release this paper. 
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AH, Heat of fusion of solute, cal/mole 
M, Molecular weight of solvent, gm 
M, Molecular weight of solute, gm 
N, Mole fraction solvent 
N. Mole fraction solute 
n Number of carbon atoms per hydrocarbon 
molecule 
R_ Gas constant = 1.987 cal/mole/°K 
AS; Entropy of fusion of solute, cal/mole/°K 
Temperature, °K 
T,, Melting point of solute, °K 
tn Melting point of solute, °C 
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ABSTRACT 


The case history of performance of a highly volatile 
type oil reservoir which is now greater than 80 per cent 
depleted is presented. The reservoir is at a depth of 
approximately 8,200 ft and includes an area greater 
than 7,500 acres. The reservoir has been exploited by 
10 wells which to date have yielded about 10,880,000 
bbl of stock tank oil by pressure depletion. Reservoir 
pressure has declined from an original of 5,000 psi to 
approximately 1,450 psi. Produced gas/oil ratio has 
increased from 3,200 to 23,000 cu ft/bbl with a cor- 
responding increase in API gravity of the stock tank 
oil from 44° to 62°. Pressure and fluid data are given 
for different stages of depletion. 


INTRODUCTION 


In papers by Sloan," and Cook, Spencer and Bo- 
browski,’ properties of highly volatile type reservoir oil 
were discussed in detail and methods were presented 
for predicting performance of reservoirs containing this 
type of fluid. The purpose of this paper is to present 
performance history of a highly volatile type oil reser- 
voir designated as Reservoir A which has been produced 
by pressure depletion and field separation without 
processing of gas. 


GEOLOGY 


The reference field which includes Reservoir A is a 
structural feature north of a trend of major folding 
along a northeast-southwest axis. In the area of develop- 
ment, the structure has the appearance of a dome with 
formation dip of three to four degrees, but structural 
relations between the reference field and the axis of 
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major folding to the south have not been determined. 
No faulting within the field is evident. Oil and gas pro- 
ductive sands have been found at depths of 7,000 ft to 
10,000 ft in a columnar section of Mio-Oligocene age. 
The sand bodies in the section are lenticular and 
usually continuity of sand is limited to a small area. 
Sand A which forms Reservoir A at a depth of 8,200 
ft, however, has exceptional continuous development in 
the reference field. 


Fig. 1 shows an isopachous map of net oil sand for 
Reservoir A. Net thickness of oil sand at producing 
wells ranges from 14 to 34 ft with an average of 22 ft. 
Pinch-out of sand has been shown by drilling in the 
southwest part of the field, but extent of the reservoir 
on the northwest and northeast parts of the field is 
indicated only by thinning of the sand. The vertical oil 
column between the highest and lowest producing well 
in the reservoir is 339 ft. No water-oil contact has 
been found within the reservoir. As interpreted from 
the isopachous map, the reservoir includes about 8,900 
acres with an average net sand thickness of 12 ft. 
Because of limited data on extent of the reservoir, the 
isopachous map permits only an approximation of sand 
volume in the reservoir. 


DEVELOPMENT AND PRODUCTION 


Reservoir A was discovered during 1938 and was 
developed with eight wells to the end of 1942. One 
well was completed during 1946 and the tenth well 
in the reservoir was completed during 1951. Three of 
the original wells and the last completion have pro- 
duced from Sand A only. Six wells have produced 
from Sand A through the casing side of dual comple- 
tions. Initial producing rates of the original wells ranged 
from 800 to 1,000 BOPD. Production history for the 
reservoir is shown in Fig. 2. Production of the reservoir 
was begun during 1940 and in May, 1952, peak pro- 
duction from seven wells was 5,300 BOPD. At the end 
of March, 1954, cumulative production was 10,880,000 
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bbl of oil, 95,000,000 Mcf of gas, and 250,000 bbl of 
water. Seven of the wells in the original development 
program have contributed 10,000,000 bbl of the cu- 
mulative production with individual well recovery rang- 
ing from 1 million to 2 million bbl of oil. 

The field was developed on an equilateral triangular 
grid pattern with a distance of about 3,940 ft between 
wells which provides drainage area of 308 acres per well 
for complete development. As developed, no producing 
well in Reservoir A is greater than one location dis- 
tant from another well in the reservoir and area en- 
closed by development is about 1,300 acres. Actual 
drainage area served by producing wells is indicated 
only by performance, but it apparently far exceeds that 
determined by the grid pattern. 


SAND CHARACTERISTICS 


Sand A is described as a fine to coarse-grained, poorly 
consolidated sandstone with occasional thin carbo- 
naceous laminae. Cores were recovered from the full 
section at one well and partial core recovery was ob- 
tained from several wells. Average porosity of cores 
recovered was 19.8 per cent. Permeability of the sand 
for the full section cored ranged from 1 to 2,400 md 
with an average of 750 md. Except for about 5 per cent 
of the sand having permeability below 200 md, per- 
meability varied uniformly with a permeability ratio 


TABLE 1 — FRACTIONAL ANALYSIS OF OIL AND GAS SAMPLES 
FROM INDIVIDUAL WELLS, RESERVOIR A 


December August August April 
Date 1942 1949 1949 1951 
Well A B 
Reservoir Pressure, psig 4054 2300 2300 1960 
Separator Pressure, psig 400 478 438 500 
Separator Temperature, °F. 104 85 110 

Volume Per Cent 
Component 

Gas Oi! as Oil Gas Oil as Oil 
Carbon Dioxide 2.7 0.1 2.50 — 2.50 — 2.20 — 
Methane 71.2 73.52 5.06 72.45 5.43 
Ethane 12:5: 13.7 111.51 11.509 
Propane 9.0 5.0 8.34 12.44 8.35 14.40 8.80 10.24 
Isobutane 1.8 15549 5289 5:23 1.73 4,62 
Normal Butane 1.9 3.4 1.82 TAZ 1.64 10.85 1.99 7.71 
lsopentane 0.5 2.6 0.55 7.07 0.48 6.00 0.58 LRA 
Normal Pentane 0.3 0.9 0.26 4.38 0.26 Baty 0.34 4.96 
Hexanes 0.1 82.2 0:30) 12°30) 0:25: 8:98, 0:26 10:10 
Heptanes Plus 0.08 37.94 0.12 38.46 0.15 46.74 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Specific Gravity 
Ci+ °API 42.0 49.7 47.1 49.3 
Cet+ 
Average Molecular 
Weight C7+ 17¢ 117 127 
Ce + 
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of 12 to 1. While sand data are incomplete, initial ca- 
pacities and subsequent performance of wells indicate 
fairly uniform sand characteristics for the developed 
area. Average interstitial water for the reservoir is esti- 
mated to be 25 per cent of pore space. 


RESERVOIR FLUID CHARACTERISTICS 


Properties of the reservoir liquid were obtained from 
analyses of high pressure separator oil and gas samples 
and from tests on samples prepared by recombination 
of the separator oil and gas in proportions to simulate 
reservoir conditions. Table 1 shows the composition of 
high pressure separator oil and gas at different stages 
of depletion of the reservoir. Table 2 shows the cal- 
culated composition of the original reservoir fluid. A 
sample yielding a gas/oil ratio of 3,180 cu ft/bbl of 
stock tank oil by three stage separation was used for 
determination of pressure-volume relationships at 249°F 
by visual examination. The results of the tests are shown 
in Fig. 3. Visual examination showed 100 per cent 
liquid at 3,940 psig which was taken as the approx- 
imate saturation pressure for the sample. Formation 
volume of reservoir oil at 3,940 psig was determined 
to be 3.23 volume per volume of stock tank oil yielded 
by field separating conditions. No tests of differential 
gas liberation were made during the early tests. At a 
later date, synthetic samples prepared to simulate orig- 
inal reservoir fluid were tested. The results of differen- 
tial gas liberation tests on the synthetic sample at 250°F 


TABLE 2 — CALCULATED COMPOSITION OF INITIAL RESERVOIR FLUID — 
RESERVOIR A AND DEEPER RESERVOIR WITH SIMILAR FLUID 


Initial Reservoir Stock 
Fluid Tank 
Liquid 
Deeper After 
Reservoir Reservoir 3-Stage 
A (1) Separation 
Deeper 
Reservoir 
Component 
Mol Fraction 
Carbon Dioxide 0.021 0.0174 —_— 
Methane .541 5466 —_ 
Ethane -101 .0937 — 
Propane .092 -0942 0.0261 
Isobutane .023 .0258 .0206 
Normal Butane .029 .0346 -0540 
lsopentane 0192 
Normal Pentane 006 -0485 
Hexanes Plus .1685 .8054 
Total 1.000 1.0000 1.0000 
Specific Gravity of 
Ce+, °API 42.0 42.2 
Average Molecular 
Weight of Ce+ 170 165 
(1) Calculated for initial stream — 
GOR 3200 cu. ft. per bbl. Separation 
pressures 400-30-0 psig. 
(2) Separation Data 
Stage Pressure Temp. Gas/Oil Ratio 
i psig °F, cu. ft. per bbl. 
Stock Tank Oil 
2831 
1 400 125. 307 
2 40 105 67 
3 0 98 
3205 
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are shown in Fig. 4. Compressibility of the saturated 
reservoir fluid from 4,500-5,000 psig was determined 
to be 5.3 x 10° volume per volume per psi at 250°F. 
Viscosity of Reservoir A liquid was not measured but 
tests on a similar fluid at a temperature of 272°F 
showed viscosity of liquid at 4,000 psig and 500 psig 
of approximately 0.07 and 0.32 cp, respectively. 


RESERVOIR PERFORMANCE 


During the initial stage of production of Reservoir 
A, stock tank oil having an API gravity of 43.0° to 
44.5° was produced with a gas/oil ratio of 3,000 to 
3,200 cu ft/bbl. Saturation pressure of reservoir fluid 
was not obtained directly from subsurface samples and 
could not be fixed precisely from recombined samples. 
Performance data presented in Fig. 2 and Fig. 5, how- 
ever, show that a trend of increasing gas/oil ratios and 
API gravity of stock tank oil began about Aug., 1942. 
Saturation pressure of the reservoir fluid as indicated 
by the change in performance was about 4,200 psi. Re- 
covery of stock tank oil while the fluid existed in the 
undersaturated region was approximately 2,500,000 
bbl. After the saturation pressure was reached, perform- 
ance was characterized by continuously increasing 
gas/oil ratios and increasing API gravity of stock tank 
oil. Original stock tank oil contained a high fraction of 
wax but when pressure had declined to 2,500 psi, wax 
content of stock tank oil, except for fluid from one well, 
had decreased to an inappreciable amount. Over the 
producing interval from a reservoir pressure of 4,200 
psi to 1,544 psi, API gravity of stock tank liquid in- 
creased from 44° to 62°, while produced gas/oil ratio 
increased from 3,200 cu ft/bbl to 23,000 cu ft/bbl. 
During the same interval molecular weight of hexanes 
plus fractions in the well effluent decreased from 170 
to 110. Three stage separation of gas and liquid at 
pressures of 440 psig, 40 psig and atmospheric pres- 
sure has been employed throughout the life of the reser- 
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voir. High pressure separation temperature originally 
was 85° to 100°F but with decreasing wellhead pres- 
sures has increased to 110° to 120°F. 

Pressure-production performance below saturation 
pressure shown in Fig. 5 in appearance is similar to 
that displayed by the usual dissolved gas drive. How- 
ever, comparison of characteristics of stock tank liquid 
recovered below the saturation pressure with those of 
the original stock tank liquid shows conclusively that 
only part of the liquid recovery can be accounted for as 
a result of liquid flow in the reservoir. It is calculated 
that gas saturation at reservoir pressure of 3,400 psi was 
51 per cent of hydrocarbon space or 38 per cent of 
pore space. Approximately 2,800,000 bbl of oil were 
produced from saturation pressure to reach 38 per cent 
gas saturation. Between reservoir pressures of 3,400 
psi and 1,544 psi, 5,300,000 bbl of stock tank oil were 
produced with an estimated increase in gas saturation 
from 38 per cent to 47 per cent of pore space. As 
pressure has declined, reservoir performance and well 
characteristics have become more similar to a gas 
reservoir than a liquid reservoir. Although variations in 
producing gas/oil ratios and API gravity of oil among 
wells have been noted, only one well, at the lowest 
structural position in the reservoir, has shown wide de- 
viation from average fluid characteristics. Gas/oil ratio 
and API gravity of stock tank liquid for this well have 
been considerably below average since the saturation 
pressure was reached. The majority of the wells in the 
reservoir are located in about 150 ft of the original 
vertical oil column and have shown no conclusive evi- 
dence of gravity drainage. There are insufficient wells 
at the lower limits of the reservoir to show conclusive 
effects of gravity drainage. No indication of an active 
water drive in the reservoir has appeared and there 
is no evidence of an adequate aquifer to provide water 
influx of appreciable amount. 
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Fic. 5 — PRESSURE-PRODUCTION PERFORMANCE, 
RESERVOIR A. 


Pressure measurements have been made at three of 
the original wells at yearly survey periods, and a fourth 
well has been included in the surveys since Dec., 1951. 
Pressures for the three original wells have shown a 
maximum difference of about 25 psi for a survey. A 
new well completed during Aug., 1946, showed a pres- 
sure of 2,847 psi; average reservoir pressure at the same 
date was estimated to be 2,890 psi by interpolation of 
data from three of the original wells. The last well com- 
pleted in the reservoir during 1951 showed a pressure 
of 1,798 psi in Dec., 1951, when average pressure of 
three original wells was 1,834 psi. Producing character- 
istics of the wells completed at depleted reservoir pres- 
sure were similar to those of the older wells and efficient 
drainage over a distance of at least 3,940 ft was 
indicated. 


INITIAL OIL IN PLACE 


MATERIAL BALANCE CALCULATION 

Calculations of original oil in place by the usual 
volumetric material balance method are strictly appli- 
cable to Reservoir A only during the interval when 
the reservoir fluid was in the undersaturated region. 
The apparent gas/oil ratio for different stages of res- 
ervoir depletion refers only to surface measurements. 
Fluid characteristics show that an important part of 
the liquid recovered in the stock tanks below satura- 
tion pressure existed in the gas phase at reservoir con- 
ditions and conversion of surface volumes to reservoir 
volumes is further complicated by the process of gas 
liberation. It has been shown’ that for a highly volatile 
liquid similar to that contained in Reservoir A, the gas 
liberation process is “neither essentially that of the dif- 
ferential or flash type.” Unfortunately, data on the com- 
position of the reservoir gas phase determined by lab- 
oratory tests for different stages of depletion are not 
available for the fluid from Reservoir A. 

During the period when undersaturated fluid was 
produced, calculations indicated that initial oil in place 
was approximately 50 million bbl; at a pressure of 1,544 
psi, material balance calculations utilizing data from 
the synthetic sample analysis indicated initial stock 
tank oil in place to be 48 million to 53 million bbl, 
depending upon the basis used for converting surface 
volume to reservoir volume. Accuracy of initial oil in 
place for Reservoir A calculated from performance 
data is limited mainly by the adequacy of the sample 
analysis data to fit actual reservoir conditions, and a 
figure of 50 million bbl of initial stock tank oil in place 
is probably less than 10 per cent in error. 
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VOLUMETRIC CALCULATION OF TANK OIL IN PLACE ‘S 

Core analyses data indicate initial reservoir fluid in 
place to be 1,160 bbl/acre-ft which is equivalent to 
372 bbl/acre-ft of stock tank oil produced at original 
conditions. Total oil in place for the reservoir calculated 
from volumetric data will vary considerably according 
to interpretation of extent of the reservoir where devel- 
opment is lacking. Volumetric data show original stock 
tank oil in place for the reservoir to be about 40 mil- 
lion bbl which appears too low to fit actual perform- 
ance. 


Based on performance data, stock tank liquid recoy- 
ery by field separation to a reservoir pressure of 1,544 
psi amounts to approximately 21 per cent of initial 
stock tank oil in place or 5.2 per cent of pore volume. 
Expansion of liquid has accounted for recovery of 
approximately 5 per cent of initial oil in place. In 
lack of adequate data for an accurate determination, 
proportion of liquid recovery from the gas phase and 
from liquid flow in the reservoir can be approximated 
only. Calculations indicate recovery by dissolved gas 
drive of 9 per cent of oil in place at saturation pressure 
or 4,300,000 bbl to 1,544 psi which by difference would 
indicate a recovery over the same interval of about 
3,800,000 bbl of liquid from the reservoir gas phase. 
Average API gravity of total liquid recovered is esti- 
mated to be 52.7°; below saturation pressure average 
gravity of liquid recovery is estimated to be 55.2° API. 
As reservoir pressure has declined, the proportion of 
light volatile hydrocarbons recovered has increased and, 
correspondingly, the liquid phase remaining in the res- 
ervoir has become richer in heavy hydrocarbons. 


CON 


Although sand characteristics and fluid characteristics 
for Reservoir A have permitted wide drainage area and 
excellent recoveries per well, the most interesting fea- 
ture of performance has been the effect of fluid char- 
acteristics on recovery. For engineering studies on opti- 
mum producing methods, it is essential that the sub- 
surface sample analyses include composition of the 
original fluid and gas liberated throughout the produc- 
ing pressure range by methods such as those proposed 
by Cook, Spencer, and Bobrowski.* Although not within 
the scope of this paper, interesting possibilities for 
increasing recovery from Reservoir A are suggested by 
past performance. Particularly, performance of Res- 
ervoir A points to the desirability of pressure main- 
tenance above the saturation pressure. However, for 
a new reservoir similar to Reservoir A, plans for opti- 
mum development and selection of a producing method 
must be made largely on the basis of predicted per- 
formance without the benefit of hindsight which can 
be applied to the interpretation of performance of 
Reservoir A. 
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To gain an insight into the deviations from normal 
behavior caused by dip, a mathematical study has been 
made of single-fluid five-spot floods in dipping reservoirs 
for flooding techniques likely to be employed in such 
cases. Streamline patterns and sweep efficiencies are 
computed for a number of different cases, and the re- 
sults, where possible, are presented in graphical form. 
An increase in sweep efficiency can be obtained by 
moving the central injection well updip, and the opti- 
mum position is found for several cases. The applica- 
bility of the results is discussed. 


INTRODUCTION 


Because of the growing importance of water flooding 
in California and in other locations where large angles 
of dip are quite common, it is important to know at 
least some of the effects of dip on the performance 
characteristics of water floods in such instances. In 
the past, only reservoirs having relatively mild dips 
have been waterflooded. Consequently, little is known 
today as to the effect of dip on the performance char- 
acteristics of a flooding operation from the point of 
view of field experience; and because of the complexity 
of the problem, little, if anything, has been done on the 
problem from the point of view of theory. 


There are two distinct aspects of the role played by 
gravity in a flooding operation. The first is that of the 
preferential segregation of the reservoir fluids at the 
time when the flood is to commence. The second is the 


role that it may play in affecting the performance of 
the reservoir during the course of the flooding opera- 
tion. In this paper the reservoir is assumed to be filled 
with only one fluid, so that there is no preferential 
segregation of reservoir fluids at the commencement 
of the flood. Moreover, the injected and in-place fluids 
are assumed to have the same characteristics, so that 
in effect we consider only a single-fluid problem. 

Single-fluid results have been used as a guide in the 
past for predicting and interpreting the behavior of 
regular five-spot floods in horizontal reservoirs. It is 
thought that single-fiuid results might likewise be used 
for five-spot patterns in dipping reservoirs as a norm 
to which the effects of the multifluid problems might 
be referred.* : 

In confining our attention to the single-fluid case, 
we therefore do not consider the preferential segrega- 
tion of injected water in the oil bank, or of the oil 
bank in the unflooded zone. Instead we consider the 
deviation from the behavior of a horizontal five-spot 
which is caused by use of flooding techniques (i.e., the 
flow potential pattern at injection and production wells) 
likely to be employed during flooding operations in 
dipping reservoirs. In other words, we consider effects 
which are caused by the pattern of injection and pro- 
duction well pressures which we choose to apply. 

Performance characteristics are given for the five- 
spot spacing pattern as a function of two parameters; 
one is the ratio of gravity head to potential difference 
between the high updip injection well and the low 
downdip producer of the same five-spot, denoted by 
R,; the second is the orientation of the five-spot pat- 
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_*Multifluid results will be affected by the fluid mobilities, density 
differences, compressibilities, ete. The applicability of this work to 
multifluid cases is discussed in some detail in this paper. 
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tern with respect to the direction of dip. Two types of 
flooding techniques are considered as defined below. 


ODEN C UBS 


By flooding technique we mean the particular dis- 
tribution of sand face pressures at the injection and 
production wells, which we control to obtain a desired 
flooding program. Assuming (momentarily) that the 
direction of dip is parallel to rows of similar wells, as 
shown in Fig. 1, three possible flooding techniques are 
considered (Figs. 2A, 2B, and 2C). 

Fig. 2A illustrates Technique A, the case where the 
production wells are pumped so that there is no oil 
standing in them and where the height of water column 
in each injection well is the same. More generally, 
Flooding Technique A is the case where all the in- 
jection wells are kept at a uniform sand face pressure 
and all the production wells are kept at a uniform 
but lower sand face pressure. 

Fig. 2B illustrates the case where the injection wells 
are kept filled to the same level with water and where 
the production wells have no oil standing in them. This 
case will be known as Flooding Technique B. More 
generally this can be described as the case where all 
the injection wells are kept at a uniform sand face 
potential and all the production wells are kept at a 
uniform sand face pressure. 

Fig. 2C represents the case where the potential dif- 
ference between any injection and production well is 
the same, and therefore the behavior is the same as for 
the familiar horizontal five-spot case. 

There are, of course, innumerable other flooding 
programs, but the results presented in this report are 
obtained for those flooding programs which we have 
defined above as Flooding Technique A and Flooding 
Technique B. The assumptions involved in determining, 
these results are given in the next section. 


ASSUMPTIONS AND BASIC EQUATIONS 


In this paper we make the following assumptions: 
1. All fluids are incompressible. 
2. All fluids have the same density. 
3. All fluids have the same mobility.* 
4. The reservoir is plane, thin, and infinite. 
5. The absolute permeability is constant. 
Consequently, LaPlace’s equation V’V = O, where 
V is the incompressible fluid flow potential, is obeyed 
throughout the reservoir. The potential and stream func- 
tion distribution presented in this paper are solutions 


*By mobility we mean the ratio k/u where k is the permeability 
to, and yp is the viscosity of, the fluid. 
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of this differential equation for the appropriate flooding 
technique. 

For a given position of the wells in the five-spot 
pattern, the results are a function of three parameters: 

(1) r./L, where r, is the well radius and L is the 
length of the shortest side of a five-spot. A value of 
rw/L of 2.5 X 10% has been used throughout the 
report. 

(2) R, = pgh/(AP + pgh), the ratio of gravity 
head to potential difference between high updip injec- 
tion well and low downdip production well of the same 
five-spot, where p is the density of the fluid, g is the 
acceleration constant due to gravity, h is the elevation 
of the high updip injection well over the low downdip 
production well of the same five-spot, and AP is the 
sand face pressure difference between the high updip 
injection well and the low downdip production well 
of the same five-spot. 

(3) The orientation of the five-spot pattern with 
respect to direction of dip. Where two sides of the 
five-spot are oriented parallel to direction of dip, the 
orientation is called “parallel” and where the diagonal 
of the five-spot is oriented parallel to the direction of 
dip, the orientation is called “diagonal.” Other orienta- 
tions are called “skew.” The direction of dip is clearly 
denoted on each streamline pattern. 

In the mathematical appendixes** to this report, the 
general case of a rhombus-shaped five-spot with arbi- 
trarily placed interior well is treated. However, in the 
body of the report only square-shaped five-spots are 
considered. When the interior well is at the center of 
the square five-spot, the pattern is termed symmetrical, 
and when it is not the pattern is termed asymmetrical. 


FLOODING TECHNIQUE A, SYMMETRICAL PATTERN 
The pattern first studied was that of a symmetrical 


** Available from Petroleum Branch office on request. 
To be published in Petroleum Transactions, Volume 204. 
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five-spot flooded by use of Flooding Technique A. For 
this case the potential and stream function distribution 
can be most simply represented by choosing the co- 
ordinate system illustrated in Fig. 3.** In this co- 
ordinate system the potential and stream function dis- 
tribution for a horizontal reservoir as shown in Ap- 
pendix III are given for unit rate of flow by: 
Vi(%y) = 


cen’ x cn’ y + sn’ x sn’ y dn* x dn’ y 
sn x dn ‘| y dn 


In 


1 
2 


cn y 

where sn, cn, and dn are Jacobian elliptic functions. 
For a dipping reservoir the potential and stream 

function distributions are obtained by simply adding 

linear terms to the previous quantities as shown in 

Appendix I. For example, when the dip is in a direc- 

tion parallel to the x-axis the equations are 


Po 2Po x 


where p, is the sand face pressure at each injection 
well, g, is the rate of flow in reduced units, R, is the 
ratio of gravity head to pressure difference between 
high updip injection well and low downdip production 
well of the same five-spot, and L is the length of the 
side of the five-spot. 


A value for p,/q, can be obtained once the value of 
r./L is fixed. Thus it may be seen that for the parallel 
orientation and symmetrical pattern the results are 
functions only of R, or of R, since R, = R,/(1 — 
R,). For other orientations the linear terms are changed 
in magnitude but, as above, results may be obtained as 
a function of R,. Using equations of this type, stream- 
lines were computed for a number of orientations with 
respect to dip and for a number of values of R,. Re- 
sults are given in Figs. 4 through 8. 


Note that the area in which the streamlines flow 
updip from an injection well has become smaller than 
for the horizontal case. In Fig. 5 it is only a small 
fraction of the downdip flow area. At a value of R, = 
0.0967 no fluid moves to the updip production well 
from the downdip injection well. This value of R, may 
be called the “critical” value for R, for this orientation. 


**Note that the five-spot is symmetrical in the reservoir plane and 
not in the surface plane. 
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In Fig. 6, for the skew orientation shown, all flow- 
lines are skewed by the particular orientation with 
respect to dip. The difference between the area in which 
updip flow occurs and that in which downdip flow 
occurs is apparent. In Fig. 7, where the diagonal of 
the five-spot is oriented parallel to the direction of dip, 
the flowlines are seen to be symmetrical about hori- 
zontal lines midway between wells. As R, increases, 
the area in which updip flow occurs decreases as shown 
in Figs. 7 and 8. At a value of R, = 0.1517 (the 
critical value for this orientation) no fluid is sent to 
the updip production well by its downdip injection well. 
In fact, the five-spot ceases to be a five-spot at this 
value in the sense that there are no longer four pro- 
duction wells associated with each injection well. 


Sweep efficiencies* at the time of water breakthrough 
for parallel and diagonal orientation were obtained 
analytically from 


where b is the distance between injection and produc- 
tion wells, measured in the y direction, ¥, is the break- 
through streamline, V is the fluid potential and A is 
the area of the five-spot. The orientation of x and y 
axes are arbitrary in this expression. It is interesting to 
note that the breakthrough streamlines pass through 
the midpoint of a line between injector and producer 
and are antisymmetric about such a point. Use was 


*The sweep efficiency is the fraction of the floodable reservoir vol- 
ume swept by the injected water at any time. 
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made of this fact in finding ¥,. Curves of sweep effi- 
ciency at the time of water breakthrough vs R, are 
plotted in Fig. 9. The sweep efficiency at water break- 
through for the skew orientation case was determined 
graphically. No values were determined for curve A 
past the “critical” value of R,, because of increased 
difficulties in numerical integration. However, it is be- 
leved that curve A will not parallel curve B all the 
way to R, = 1, but will flatten. 

Curves of area swept vs cumulative water injection 
for the parallel case are shown in Fig. 10. Curves for 
the skew and diagonal orientation are very similar. 


Since it appears from Fig. 9 that sweep efficiency 
at water breakthrough is reduced considerably as the 
value of R, increases, it was thought desirable to deter- 
mine how much the efficiency could be improved by 
altering the position of the central well in the five-spot 
so as to allow for the gravity forces. This alteration 
is considered in the next section. 


FLOODING TECHNIQUE A, ASYMMETRICAL PATTERN 
Only one orientation was considered in numerical 
evaluations for this type pattern, that where the diag- 
onal of the five-spot is oriented parallel to the direction 
of dip, as shown in Fig. 11. For this orientation the 
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position of the interior injection well was found such 
that the fluid arrival time was the same at updip and 
downdip production wells. The method of finding this 
position is described in Appendix II, and results are 
plotted in Fig. 11. 

A curve of sweep efficiency at the time of water 
breakthrough at the updip and downdip production 
wells vs R, for the equal arrival time cases is given in 

Comparison of this curve with Fig. 9 shows that 
the sweep efficiency at water breakthrough in dipping 
reservoirs may be much improved by slight alterations 
in well position. 

Streamlines are given in Fig. 13 for the case where 
R, = 0.086 and the position of the updip injection well 
from the origin is 0.560 times the length of the diag- 
onal. This is one of the cases where the arrival of the 
water front at the updip and downdip production wells 
occurs at the same time. 

The effect on the streamlines of moving the injection 
well updip may be seen by comparing Fig. 13 with 
Fig. 8, which is a similar case for only a slightly dif- 
ferent value of R,. It is seen that the updip and down- 
dip flow areas are made more nearly equal by moving 
the injection well updip. 


FLOODING TECHNIQUE B 
The mathematical difficulties associated with deter- 
mining the potential and stream function distribution 


*This assumes that the time of arrival of the water front at the 
side production wells is larger than the time of arrival at the updip 
and downdip production wells. It has been found that such is at 


least the case for values of b/ /2L up to 0.560. 
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for this case are considerably greater than for Tech- 
nique A. Consequently, only the symmetrical five-spot 
pattern for which the sides of the five-spot are oriented 
parallel to the direction of dip has been considered. 
The arrangement of the wells in the plane of the res- 
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Fic. 9 — SWEEP EFFICIENCY AT WATER BREAKTHROUGH 
FOR SYMMETRICAL FIVE-SPOT, TECHNIQUE A. 


ervoir was given in Fig. 1, and a vertical cross section 
parallel to the direction of dip was shown schematically 
in Fig. 2B. 

It may be seen from these figures that the flow pat- 
tern is the same in each strip between columns of 
similar wells. Consequently we may focus our atten- 
tion on such a strip. Now each five-spot in this strip 
is characterized by its value of R,, the value of R, 
being different for each. The value of R, approaches 
unity toward the surface and zero far downdip. Thus, 
far downdip one would expect the flow pattern to be 
essentially that of a horizontal five-spot, whereas near 
the surface the pattern would be expected to be quite 
different. 


The expressions for the potential and stream func- 
tion in the various rectangles are not given here be- 
cause of their length but are given in Appendix IV. 
From these expressions streamlines and sweep effi- 
ciencies* were determined for several different values 

Streamline patterns for two different values of R, 
are shown in Figs. 14 and 15. In general there is con- 
siderable similarity between the patterns for Technique 
B and the patterns for Technique A shown in Figs. 4 
and 5. However, limiting streamlines (top and bottom 
streamlines in the figures) are not antisymmetrical for 
Technique B, whereas they are for Technique A. For 
Technique B the top limiting streamline sags downdip 
more than the bottom one. The sag is the same for 
Technique A. 
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A curve of sweep efficiency at water breakthrough 
vs R, is given in Fig. 16. Curves of area swept vs 
cumulative water injection for three cases are shown 
in Fig. 17. Curves A and B differ only slightly from 
the curve for the horizontal symmetrical five-spot. 


DISCUSSION 


The curves in Fig. 9, for the symmetrical case, 
Technique A, show that the sweep efficiency drops 
off considerably as R, increases. In addition they show 
that up to the critical value for the parallel orientation 
(i.e., the point where no fluid is sent to the updip 
producer by the downdip injection) the alignment of 
the five-spot with respect to direction of dip makes 
little difference. Since the sweep efficiency could not 
be improved by alignment it was decided to modify 
the location of the central well to achieve more nearly 
equal breakthrough times from updip and downdip 
wells and thereby to improve the sweep efficiency. 

Such a modification was investigated and is reported 
in Figs. 11 and 12. These figures show that for the 
same flooding technique, the sweep efficiency can be 
raised considerably by such an adjustment. 

The sweep efficiencies given in Fig. 12 could prob- 
ably have been made even higher if the position of 


*For Technique B, sweep efficiency is the fraction of the floodable 
volume in each five-spot swept by injected water at any time. The 
sweep efficiency in each five-spot in the field is different. 
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Y=1997 


Fic. 13 — STREAMLINES FOR ASYMMETRICAL FIVE- 
Spot, TECHNIQUE A, b/\/2L = 0.56, R, = 0.0803. 


the side wells had been adjusted at the same time 
that the central well was moved. It remains to be 
seen whether the positioning suggested in Fig. 11 is 
correct for multifluid cases as well as for single-fluid 
cases. 

Comparison of the curve shown in Fig. 16 for Flood- 
ing Technique B with those in Fig. 9 suggests that this 
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I 
| 


technique will give higher sweep efficiencies at water 
breakthrough than Symmetrical Technique A for the 
same values of R,. The reason for this is that the poten- 
tial difference between an injection well and its updip 
producer in Technique B is higher than the potential 
difference between injection well and updip producer in 
Technique A, resulting in a better sweep updip. How- 
ever, the sweep efficiencies for asymmetrical Technique 
A are larger than those for Technique B over the range 
shown. Thus over the practical range of values of R,, 
asymmetrical Technique A is to be preferred. It should 
be noted that Technique B is not a balanced flooding 
program. Flooding will be completed sooner in each 
downdip five-spot than in the one directly updip, and 
the flow pattern in each five-spot will be different. How- 
ever, this technique makes maximum use of available 
gravity forces in causing flow from injection to pro- 
duction wells. 

The numerous streamline patterns which are pre- 
sented may be useful for the purpose of drawing fluid 
fronts at any time. Fronts are found by making the 
areas of advance, between any two streamlines during 
any time interval, proportional to the difference be- 
tween the values of the streamlines. The application 
of such fronts in practical multifluid cases, however, 
will only be qualitative in nature. The curves of sweep 
efficiency vs cumulative injection may possibly serve 
as a guide in the same way that single-fluid results 
did for the case of horizontal five-spots. 
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APPLICABILITY TO MULTIFLUID CASES 


Since these results have been obtained only for a 
single-fluid case, the question may be raised how far 
they may be applied to flooding cases in which a water 
bank, an oil bank, and a depleted zone are present. In 
an attempt to answer this question let us consider the 
flooding of a dipping depleted reservoir in which the 
producing wells are pumped off. The various banks are 
shown in cross section and the flow potentials in each 
phase in Fig. 18. Three periods are distinguishable: 
(1) that when a water bank, an oil bank, and a de- 
pleted zone are present, (2) that when the water and 
oil banks fill the reservoir, and (3) that when all the 
oil has been displaced. Let us then ask the question, 
“What causes the flow updip to be different from that 
downdip?” In period 1, we see from the discontinuities 
in the flow potential diagram that there are three poten- 
tial discontinuities which cause differential flow down- 
dip: 

(1) Po) gh; (Pw Po) gh.] 
(2) = pz) Cpe — pz) and 
(3) po8hs . 

Item (1) is caused by the fact that water is heavier 
than oil and thus will preferentially flow downdip in 
the oil bank. Item (2) is caused by the same factors 
for oil and gas. Item (3) is caused by the fact that 
we pump off both production wells to the same pres- 
sure. 

In period 2, item (2) is absent and items (1) and 
(3) become: 

(1) [( pw — po) — 
(3) 
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Fic. 18 — A MULTIFLUID FLOOD IN A DIPPING 
RESERVOIR. 


In period 3, only item (3), of magnitude p,gh, is 
present. 

In the single-fluid results reported herein, only the 
effects of item (3) in each period have been considered. 
However, until further work is done to evaluate the 
effects of items (1) and (2) it is believed that an 
approximation of the effects of all three items may be 
obtained in the following manner: 

If we simply add all the items (differentials in poten- 
tial) which tend to cause the flow to be downdip rather 
than uniform, we obtain the curve shown in Fig. 19. 
It is seen that p.gh; gives at least a rough average of 
the lumped differential during the life of the flood. On 
this basis we can compute the sweep efficiency at water 
breakthrough of the dipping single-fluid five-spot from 
the appropriate curve in this report, using p, in deter- 
mining the value of R,. 

It is realized that this procedure leaves much to be 
desired, but that at least it should indicate the trend 
caused by gravity forces. No other procedure for esti- 
mating this effect is known. Further work in which 
items (1), (2), and (3) are not lumped, and in which 
the prominent effect of gravity in causing fluid segrega- 
tion is included, will determine how applicable this 
procedure is. 

CO 

From this study it is concluded that in a dipping 
reservoir the pattern efficiency may be considerably im- 
proved by location of wells so as to allow for effects of 
gravity on the flow. It is believed that the considerable 
number of streamline patterns and sweep efficiency 
curves presented in this report may serve as a qualita- 
tive guide for flooding operations in dipping reservoirs. 
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SYMBOLS AND DEFINITIONS 


A area of five-spot 

cn 

dn Jacobian elliptic functions 

sn 

if porosity, fraction 

2g acceleration constant due to gravity 

h difference in depth of two adjacent producers, 
Technique B 

h, elevation of the ith injection well, Technique A 

h, elevation of the jth production well, Tech- 
nique A 

hy, elevation above datum of a production well 

Le injection well with x, y-coordinates [nL, (m — 
Technique B 

k permeability 

L length of side of a five-spot 

l sand thickness 

op production well with x, y-coordinates [(n + 
mL], Technique B 

Po sand face pressure at injection wells 

q production rate 

qd: rate of flow in reduced units, qu/2kl 

IR ratio of gravity head to potential difference 


between the high updip injection well and 
the low downdip producer 


Re ratio of gravity head to pressure difference 
between the high updip injection well and 
the low downdip production well of the 
same five-spot 


ty shortest time of arrival of the water front at 
any of the production wells of a five-spot 


potential function for five-spot in dipping res- 
ervoir 


V,(x,y) potential function for horizontal five-spot 

a angle of dip 

y angle between the direction of dip and the 
y-axis in Fig. 20 

6;(u) theta function of the ith kind 

fluid viscosity 

p fluid density 

V,(x, y) stream function for horizontal five-spot 


V(x, y) 


W(x,y) stream function for the five-spot pattern in a 
dipping reservoir 

Q(z) complex potential for the five-spot pattern in 
a dipping reservoir 

OX) complex potential for the horizontal five-spot 
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THE POTENTIAL AND STREAM FUNCTION 
OF AN ASYMMETRICAL FIVE-SPOT, 
TECHNIQUE A 


THE DIPPING FIVE-SPOT SOLUTION IN TERMS 
OF THE HORIZONTAL SOLUTION 


Fig. 20 illustrates for Flooding Technique A _ the 
actual potential at wells of an asymmetrical array of 
five-spots in a dipping reservoir in which the direction 
of dip is at an angle y from the y-axis and where 
the shape of the five-spot is a rhombus. Although a 
more general five-spot pattern could be considered, the 
rhombus-shaped five-spot pattern suffices for purposes 
of this paper. 

Unless otherwise noted the origin of the x, y-plane 
will always be taken at a production well and will 
always be on the datum plane from which the gravity 
heads are measured. Furthermore, the y-axis will always 
pass through a row of production wells. There may be 
also injection wells on the y-axis in particular cases. 
The orientation of the five-spot pattern in the x, y-plane 
is taken in such a way that the elevation of the first 
quadrant is higher than the origin. The angle between 
a line in the plane of the reservoir parallel to the direc- 
tion of dip and the y-axis is y. 

The potential at the injection wells for a fluid of 
constant density p is given by 

where p, is the sand face pressure at each of the injec- 
tion wells and h; is the elevation of the ith injection 
well above the origin. 

By arbitrarily moving the origin from A to B in 
Fig. 20, we make the potential distribution in rhombus 
BDEF the same after the change in origin as the poten- 
tial distribution in rhombus ABCD before the change 
in origin. However, the potential gradient distribution 
was not changed by moving the origin. Therefore, the 
components of the potential gradient are identical at 
congruent points of similar type rhombi. As a result, 
the velocity is identical at congruent points of similar 
type rhombi. 

Since the velocity is identical at congruent points of 
similar type rhombi, the negative conjugate of the com- 
plex velocity is a doubly periodic function of z, where 

Now p/k times the negative conjugate of the velocity, 
which product we call E(z), can be expressed directly 
in terms of the complex potential by means of the 
relation 

Gy 

Let Q,(z) be the complex potential for the horizontal 
case for unit rate of flow. Then the type of behavior 
of Qf (z) and Q’ (z) at the same wells is the same. 
Therefore, we can write 

where q, and A are constants. The constant A is itself 
a doubly periodic function which in no way affects the 
behavior of 0% (z) at its poles. 

Integrating (1.4), we obtain 

Q (z) O, + Az +B. . 
where A = A, + iA;, and B = B, + iB, 
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The constant B, is at our disposal, since it merely 
adds a constant to the stream function. Hence we may 
set B, = 0. 

Equation (1.5) tells us that the solution for the 
single-fluid five-spot flood in a dipping reservoir, flooded 
by Technique A, is obtained by the addition of a linear 
term to the solution for the single-fluid horizontal five- 


spot flood. 


THE ADDITIVE LINEAR TERM 


In order to evaluate A and B, q, is chosen so that 
Re Q,.(r,) 18 Then gz 
tracted from the complex potential all over the field 
shown in Fig. 20. The potential at the wells due to 
g, Re Q, (z) is shown in Fig. 21. The result of sub- 
tracting Fig. 21 from Fig. 20 is shown in Fig. 22. 


In symbols, 
Re © (z)— gq, Re Q, (z) = 5 + pgh(x, y) (1.6) 


at the well positions. But from (1.5), we have 
Re (z) — gq, Re (z) = By AX 
for all z. 
Equations (1.6) and (1.7) are satisfied by choosing 
The elevation h (x, y) above the origin of any point 
z is given for angle of dip a by 


h (x,y) = (x sin y + y cos y) sina (1.10) 
Therefore, combining (1.10) with (1.9), 
A, = pg siny sina 
A, = — pg cos y sina 
pg sina (sin y — icosy) z. 
and using (1.10) 
y 
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Fic. 21 — WELL POTENTIALS FOR HORIZONTAL 
FIVE-SPOT. 


, pgh (sin y — icos y) z 
asin y + bcos y 
where z, = a + ib is the coordinate in the reservoir 
plane of the updip injection well in five-spot ABCD in 
Fig. 20, and A is its elevation above datum. Dividing by 


q, and noting that R, = pgh/p, we get 


Q Po 
qr (z) AG) q, asiny + bcos y a ) 


Thus values of the complex potential per unit rate of 
flow may be obtained provided we know R,, y, and 
r,/L, and provided we can determine ©, (z). We must 
be given r,,/L so that we can find p,/q, from p,./q, = 
—2ReQ, (r,).- 
The parameter R, is related to R, by 
The flow potential V and the stream function W are 
obtained by taking the real and imaginary parts, respec- 
tively, of Q(z) /q,, as indicated in (1.15’). 


THE HoRIZONTAL FIVE-SPOT SOLUTION 


We shall now determine ©, (z). 
If A,/(z —8,) is the principal part of 0% (z) at its 


rth pole £,, then (Whittaker and Watson, 1940, p. 474) 


d 

It is known that the residues will be negative at the 
injection wells and positive at the production wells. 
Furthermore, the absolute value of the residues will 
be one for unit rate of flow. Integrating for this con- 


dition we obtain 
K} 


(z) = Cz + D+In —— 
22K 2V2K 
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where on Fig. 20 


=0 


where C, D, and z, are complex constants. Thus 


(C4) = JD) 


z va = 
In 
|p 
| 
where @, is the theta-function of the ith kind. 
00 
= cos 
4 cos 27ru (1.21) 
(u) = cos (2n — 1) az 
where 


KG 


K 


Substituting (1.20) and (1.21) in (1.19) 
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The potential and streamline distribution for the most 
general rhombus-shaped horizontal pattern are given 
respectively by 

WA (S55 (a) 
y) = Im Q, (z) 


TX 
1 2\/2K 
V, (x,y) =z In 
In 
2\/2K 
o \ [eos — COs cosh | 
\ 2K 
+ sin? — 
2K Vek! 
eos (2n — 1)a7 + cos 
2K 2K 
where 
M(x, y) = cos ——= cosh 
\/2K 
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\V/2Kf 
— a), — 
se 


TX Ty | 
| OK 2\/2K 


TX 
Pi cos 2n77 — cos ——— cosh 
DG 


ee sinh 
4 \/2K V/2K 
— tan” 
TX 


cos (2n — 1)z7 + cos ——— cosh 


V2K | 
a(x — —b 
) 


cos (2n — + M(x — a, y — b) 


We have three conditions on the pressure at the wells 
to find the three constants C,, C., and D,, namely 


Re Q,(r,, + i2\/2K’) = ReQ,(r.) , (1.26) 


Re =f.) = — Re Qin), 
Re 0,(\/2K + + i/2K’) = 
Therefore, 
bx 
(1.30) 
and 
D ie. 31 
4K K’ 


Equations (1.29), (1.30), and (1.31) give the value 
of the constants C,, C., and D, for the most general 
rhombus-shaped horizontal five-spot pattern. D, is taken 
to be zero. The constants a and b are given by z, = a 
+ ib. The meaning of z, is shown in Fig. 20. 


THE DIPPING FIvE-SPoT SOLUTION 


Using (1.5), (1.15’), (1.24), and (1.25) we find that 
the potential and stream function distribution for the 
most general rhombus-shaped five-spot pattern in a dip- 
ping reservoir is given by 
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SIL 
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where the values of A,, 4., B,, C., and D, have been 
given elsewhere in the appendix. 
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EQUAL ‘TIME OF ARRIVALYAT THE*UPDIP 
AND DOWNDIP PRODUCTION WELLS 


For the case illustrated by Fig. 11 the breakthrough 
streamlines are the sections of the diagonal connecting 
the injection well to the updip and downdip production 
wells. 

Therefore, the time for arrival of the front to the 
updip producer is given by 


Cb 
dy 

| vy(O, y) 


/2L 
and the time of arrival of the front to the downdip 
producer is given by 


b dy 
where the velocity according to (1.15’) is given by 
uf 


k is the permeability of the sand 

f is the porosity of the sand 

. is the viscosity of the fluid. 
Then v, (O, y) is given by 


k ov 
where V(x, y) is the real part of the complex potential 
given by Equation (1.15). 


oO 
(x sin y cos y) 


2q, asiny + bcos y 


Po 
2q, . . . . . . . . . . (11.5) 
and therefore, since a = O, 
1, = — 11.6 
Vie (Olay) af (11.6) 


where — (q,k/ wf) Maes y)/dy] is the y-component 
of the velocity due to the general horizontal complex 
potential 0,(z) and — p,k R,/2ufb is the y-component 
of the velocity due to the gravity head. 

Putting the Equation (1I.6) in (II.1) and (II.2) and 
requiring that ¢, = ¢,, we get for y = O, a = O (Fig. 
20) 


PR, eV, 
(0, y) + Bake 
(II.7) 


This equation was solved by fixing values b and then 
finding values of R,, using numerical integration, which 
satisfied it. 


THE COMPLEX POTENTIAL AND SWEEP 
EFFICIENCY FOR THE HORIZONTAL 
REGULAR FIVE-SPOT 


It can be shown that the complex potential for the 
most general horizontal rhombus-shaped five-spot given 
by Equation (1.19) can, by means of the translation 
and rotation, 


V2K \/2K 

In 

b) 

7 
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2 
be simplified tremendously for the case of the hori- 
zontal regular five-spot. 
For the horizontal regular five-spot, we have from 
and therefore the complex potential in Equation (1.19) 
can be reduced to 


And, making use of Equation (III.1), 
3 
OC +i D, + Inenz’ 


and since D, is at our disposal 
The new coordinate system is shown in Fig. 3. 
The potential and stream function distributions ob- 
tained from Equation (III.2) are 


1 
5 sn x’ 


(111.3) 


cn x” 


; 
cn y 
The superscripts may be dropped if desired. 
The sweep efficiency at water breakthrough of a 


single-fluid horizontal, regular, symmetrical five-spot, is 
given by 


Sa 


Ee d 
| (III.5) 


where the integration is along the line 
From (III.3), 
OV, 
oy 
Putting Equation (III.6) in (III.5) we have 


il yy 


= 


dynes 


Equation (III.7) becomes 
T 

S= 
When 

K = K’, 

K = K’ = 1.85407, 
and therefore, 

S = 0.718. 

It is pointed out that Muskat (1949) gives a cor- 
rected value of the sweep efficiency at the time of water 
breakthrough of S = 0.715. The value of 0.718 pre- 
sented in this paper is thought to be the correct one, 
since no terms have been neglected. 
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POTENTIAL AND STREAM FUNCTION FOR 
TECHNIQUE B 


The particular case of Flooding Technique B con- 
sidered here employs a network of wells located at the 
corners of squares, with producers and injectors located 
at alternate corners, as shown in Fig. 23. The layer of 
reservoir sand is assumed to be a dipping layer whose 
direction of dip is that of a line of similar wells. 

Let L denote the distance in the plane of the reser- 
voir between two adjacent producers, with the y-axis on 
a line of injection wells and the x-axis on a line of pro- 
duction wells. Let /,,,, be that injection well whose x, y 
coordinates are [nL, (m — 1/2)L], and P,,,, that pro- 
duction well with coordinates [(n + 1/2)L, mL], so 
that the arrangement is as shown in Fig. 23. 


Let A be the difference in depth of two adjacent pro- 
ducers, P,.,, and P,, ,,+:. Let the datum plane be located 
parallel to the surface and at a depth H, and let h,, be 
the z-coordinate of the bottom of a producer P,,,, (so 


that obviously h, = h, + mh). Then a vertical cross 
section parallel to the direction of dip presents the pic- 
ture shown in Fig. 24. 
A potential function V(x, y) is sought which in the 
plane of the reservoir takes the following values: 
= pgH 
= pghn = pg (h. + mh), 
where by V(,,n) and V(P,,,) are meant the average 
values of the potential function at the well-radii of 
periodic in x, with period L, and the fact that it is an 
even function of x, it follows immediately that 
L IL 


e 
y nal 
(m-1/2)L 
x x 
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it 
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Fic. 23 — WELL POTENTIALS FOR ‘TECHNIQUE B. 
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Fic. 24 — VERTICAL CROSS SECTION OF WELL POTEN- 
TIAL PATTERN, TECHNIQUE B. 


Periodicity of V permits consideration of only the 
strip |x| < L/2, and symmetry about the y-axis per- 
mits, in computations, consideration of only the strip 

Designate by S, the square with sides on |x| = L/2 
and center at 

Then in each square S,, the desired potential function 
V(x, y) must satisfy the following conditions: 

(i) VV=0 
(ii) V(P*) =V(P_) = pg (h, + mh) 


m 


eV | L oV it, 
fon 
There is no loss of generality in setting L = 2K, 


where K is that parameter of the Jacobian elliptic func- 
tions for which K = K’. The well radius is taken to be 
K/2000. If u = iz = y + ix, and if 1/J is the value 
of Re (In cn uw) on the well-radius of a producer, e.g., 
1/J = Re [In cn (i - 1999 K/2000)], then J In cn u = 


hy 
+ 
Pm +i Pm+i 
x xX 
Im-+| 
- + 
x x 
| 
! 
xX 
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ray 
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V, (x, y) + id, (x, y) has as its real part V, the five- 
spot potential function and as its imaginary part, W,, the 
five-spot stream function, the five-spot being of unit 
strength. 

The normal derivative of V, is zero on the boundary 
of the five-spot square, as are the normal derivatives 
These functions may be used to add any value A to a 
given potential function at either the corners of the 
square or the center of the square, without affecting the 
normal derivative of the function on the boundary: 

It should also be noted that each of these three func- 
tions is periodic in y, with period L, so that, in partic- 
ular: 

= 174 (Cs, ae 

Suppose a function V, (x, y) can be found satisfying 

the following conditions in the zeroth square: 
(i) VV.=0 
(ii), = — 


(iii) = V,(P.) =0 CIV 2) 
(iv) =0 
ik; 
ah ah 
x x 


Then from Equations (IV.1) and (IV.2) and the 
properties just stated of V, it follows that: 


h, + mh 


H 
Or 
V(x, y + mL) = Ae 


= h : 


3) 


(h, mb) ayy 3 


If ¥, %, and w, are the harmonic conjugates of V, 
V., and V,, respectively, then 


w(x, y + mL) = Wi(x,y) 4 


(1V.4) 


where o(y) is a step function with “jumps” at y = mL. 
Now V[x, (m + 1)L] and w[x, (m + 1)L] may be 
regarded as boundary values of V and y on either the 
upper edge of the mth square or the lower edge of the 
(m + 1)th square. Thus: 


h, + mh 

5 0) 

= 

pglh, + H + (m+ 1)h] 
Now 

Vo 
so that 


1b) = O) = OY se 
It is shown similarly from ¥(x, L + mL) = yl[x, 0 
+ (m + 1)L] and the fact that y,(x, 0) and y,(x, L) 
are constants that 
W(x, L) — w.(x, 0) = constant. 
Thus: 


0 0 
— L) —— y.(x, 0) = 0, 
and as a result of the Cauchy-Reimann conditions: 


AGS, IL) = 0) =0 (IV.6) 
oy oy 

The boundary conditions (IV.2), (IV.5), and (IV.6) 
completely define V., which may be expressed analyt- 
ically as a linear combination of four functions: 

(i) y/L, which is zero on the lower boundary of S,, 
takes the constant value 1 on the upper boundary, and 
has zero normal derivatives on the left and right sides 
of the square. 

(ii) A function p, (x, y) which takes the value zero 
on the lower boundary of S, is equal to V, (x, L) on 
the upper boundary, and has zero normal derivatives 
on the left and right sides of S,. u, is found by Fourier 
analysis to be 


p(x, y) = J ag B, cos sinh (1V.7) 
where 


(iii) A function p, (x, y) which is zero at the cor- 
ners of §, has zero normal derivatives on the left and 
right sides and is such that 


ay Pe L) ay (x, O) 


a) 0 
E (Cs = ay fie 0)]. 


An investigation of the Jacobian elliptic functions shows 
that if the parameters K and K’ are such that K = 2K’, 
if L = 2K’, and if the origin is translated to u = K + 
J 1 

= = 5 jRetin dn(w/K)] — 5 In (IV.9) 
where m, is a Jacobian elliptic function parameter as 
used by Milne-Thomson. 
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(iv) The function C/2(V, — 1), where C is the sum 
of the average values of the three functions just stated 
at the well-radius of J, of S,. Now the function A(y/L a 
ui, + ps) Satisfies all conditions on V, except condition 
(iv) of (IV.2). But the function Ch/2(V, — 1) has zero 
normal derivatives, takes the same values on the upper 
and lower boundaries, and is zero at the corners, so that 
adding it to the sum of the first three functions times h 
changes none of the conditions on V, already satisfied 
and causes condition (iv) of (IV.2) to be satisfied. 
Therefore, 


G 
i). 
Then forO <y < L 
h 


(IV.10) 


where pu; (x, y) and p. (x, y) are defined by Equations 
(1V.7) and (IV.9) respectively. 
Since the value of R, at the mth square is given by 


_pgh/2 
h 
(IV.11) 
we may write Equation (I[V.10) as 
V (x,y + mL) y) (ey) 
1 lin ae Cl 


Note that the shape of the equipotentials is fixed when 
a value for R, is given. The shape is not altered by 
changes in the additive constant terms nor by changes 
in pgh/2. Then if A, (x, y) and 2X. (x, y) are the har- 
monic conjugates of uu, (x, y) and mw. (x, y), respec- 
tively: 


where o(/7) 1s a step function of y; and 

Ai (x%, y) = J 8K B, sin cosh 

(1V.14) 
n n (exe [1 (— > 
and 
J 
Az (x, y) = = Im In dn (w/K), CIV 


2 


where the meanings of w and K for Equation (IV.15) 
are those explained just prior to Equation (IV.9). **k* 
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The creation of unsymmetrical vertical or horizontal 
fractures in a producing well will result in a unique 
distortion of the normal shut-in pressures existing at 
the four surrounding wells. An electrical model study 
has been made to show how the shut-in pressures at 
the wells surrounding the fractured producing well may 
be used to estimate the size and orientation of vertical 
or horizontal fractures. The pressure differences at the 
four surrounding wells are recorded during production 
from the fractured well. The resulting pressure data 
are matched from a table of several hundred possible 
fracture combinations. The table refers to the figure 
showing the effective size and ortentation of the com- 
mercially created fracture. 


KO 


The creation of commercial fractures about oil and 
gas wells has led to considerable speculation as to the 
size and shape of the fractures. It is important that the 
size and shape be known in certain instances, especially 
when pressure maintenance programs are to be initiated. 
It was shown that if knowledge of a vertical fracture 
could be found that such information may be utilized in 
planning a waterflooding or gas cycling program and 
that in some cases the fractures might be utilized very 
effectively.” Other work showed that it may be desirable 
to create “pancake” fractures in certain reservoirs but 
that they should exist in a desirable range.’ If the frac- 
tures are too large, they should be plugged prior to 


Manuscript received in Petroleum Branch office on May 6, 1955. 
1References given at end of paper. 
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initiating a pressure maintenance program. If an irregu- 
lar shaped “pancake” fracture is created, it is desirable 
to know the orientation of this fracture because similar 
but unreported studies have shown that “pancake” frac- 
tures may or may not substantially affect the sweep 
efficiencies and performance of the flooding or cycling 
program. Consequently, it may be desirable in some in- 
stances to estimate the effective size and orientation of 
the fracture. 


ANALOG 


An electrical model was used in making this study. 
The electrical model consisted of a circular reservoir 
approximately 8 in. in diameter, 1 in. thick and 
was filled with a dilute salt solution. A copper band 
formed the periphery of the reservoir. A vertical frac- 
ture was simulated by a copper strip soldered to the wire 
well located in the center of the reservoir. Vertical cop- 
per strips of various lengths and orientation were sol- 
dered to the wire well to represent vertical fractures in 
the reservoir. In studies reported here on vertical frac- 
tures it was arbitrarily assumed that two fractures origi- 
nated at the well and extended out into the reservoir. 
An electrical potential was imposed between the wire 
well and the periphery of the tank. Plots of the iso- 
potentials are shown in Figs. 1 through 9. This model 
provides the steady-state isopotentials existing in a uni- 
form, homogeneous circular reservoir having a vertically 
fractured well at its center. The permeability of the frac- 
ture is much greater than the permeability of the matrix 
proper. The effects of gravity are neglected. 


In preparing Tables | and 2, four symmetrically lo- 
cated unfractured wells were assumed to exist around 
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PATTERN 2 


0) 
PATTERN 3 


Fic. 1 — STEADY STATE ISOPOTENTIALS AROUND VER- 
TICALLY FRACTURED WELLS. 


PATTERN 4 


the fractured well in the center of the reservoir. The posi- 
tions of the four wells were located at distances of 0.542, 
0.667 and 0.792 of the tank radius r. for separate stu- 
dies. The four outer wells were numbered 1, 2, 3 and 4 
rotating in a clockwise manner. The periphery of the tank 
was marked off in degrees. The No. 2 well was arbi- 
trarily placed in the zero degree position such as that 
shown in the pattern on Fig. 1. With these well patterns 
located over the isopotential plots, the values of the 
potentials at each of the wells were recorded. The well 
patterns were then rotated 22.5, 45 and 67.5 degrees 
and similar recordings made. In tabulating the data the 
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TICALLY FRACTURED WELLS. 


176 


10 
PATTERN 12 


Fic. 3 — STEADY STATE ISOPOTENTIALS AROUND VER- 
TICALLY FRACTURED WELLS. 


differences between the well pressures (shut-in well to 
producing outer well) for a given spacing were listed and 
compared to determine the well having the greatest pres- 
sure difference. This well was termed the key well. In 
the field the key well will be the well having the highest 
pressure. The pressure differential for the key well was 
listed first and the pressure differentials for the three 
remaining wells were listed using clockwise rotation 
when viewed from the top. This largest pressure differ- 
ential was divided into the pressure differentials re- 
corded for the remaining three wells. These tabular data 
were arranged in sequential order showing the relative 
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draw-down at the three remaining wells —b, c and d. 
Such data are shown in Tables 1 and 2. 


Prior work has shown that the creation of horizontal 
or “pancake” fractures in a thin reservoir will not affect 
the resulting isopotentials to any substantial degree.’ 
This work was found for the case in which the pay 
thickness divided by the drainage radius was less than 
0.022. For thin reservoirs the isopotential patterns pre- 
sented in Figs. 1 through 9 may also be used to estimate 
the effective size and orientation of horizontal fractures. 
The horizontal or “pancake” fracture was arbitrarily as- 
sumed to coincide to the No. 2 isopotential shown in 
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Figs. 1 through 9, respectively. In tabulating these data, 
the isopotential data obtained for the vertical fractures 
were used with the exception that the number 2 was 
subtracted from the potential difference, after which, the 
data were treated as described above. Additional tables 
may be prepared using other isopotentials. 


VAL AE Fok 


Figs. 1 through 9 show the steady-state isopotentials 
around vertically fractured wells. The vertical fractures 
are indicated by the heavy lines originating at the center 
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of each pattern. For each pattern number, well rotations 
of 0, 221%, 45 and 67% degrees are shown. In Fig. 1 
the ratio of the short fracture length r, to the long 
fracture length r, is equal to 1.0. The combined lengths 
of the fractures (7, + r.) divided by (2r.) equals 0.15. 
Different patterns are shown on Figs. 2 through 9. 

In applying the data, it is suggested that the four wells 
surrounding the commercially fractured well be shut-in. 
The fractured well should be permitted to produce until 
substantially steady-state conditions exist at which time 
the shut-in bottom-hole pressures of the four surround- 
ing wells should be tabulated. Such a tabulation might 
be as follows: 


Fractured producing well bottom-hole pressure = 1,500 psia 
Key well pressure = 2,000 psia 

Well b = 1,985 psia 

Well c = 1,940 psia 

Well d = 1,950 psia 

Estimated maximum reservoir pressure = 2,125 psia 


The pressure differences are 500, 485, 440 and 450 
psi, respectively. The dimensionless pressures are ob- 
tained by dividing through by the maximum pressure 
shown (500 psia). This provides the following sequence 
of numbers: 1.000, .970, .880, .900. 


This sequence of numbers is characteristic of a unique 
vertically fractured system. To determine the size and 
orientation of the vertical fractures the last three num- 
bers (nine digits) above should be noted and located in 
Table 1 under “relative draw-down.” This will be found 
directly in the table and shows the following conditions: 
The vertical fracture is that which is shown in Pattern 
No. 22. The No. 2 well should be rotated to the 45 
degree mark. The well spacing divided by the drainage 
radius is equal to 0.667. The key well is well No. 1 
which means this well has the highest pressure. The ab- 
solute reservoir pressure at the key well is 0.850 of the 
pressure at r,. It will be noted on Fig. 6 that the frac- 
ture 7; is equal to 0.33r., and the sum of the fractures 
divided by two times the drainage radius is equal to 0.3. 
The total fracture length is found equal to 0.6 of the 
drainage radius. From the table d, the well spacing, 
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divided by r, is equal to 0.667. Consequently, if the well 
spacing is 660 ft, the vertical fractures extend 75 and 
225 ft in the directions shown. 

No attempt was made to smooth the isopotential data 
and certain inconsistencies of a few per cent will be 
found. If the fractured pattern should refer to Pattern 
No. 1, the value of r. should be increased approximately 
8 per cent. This is a result of the imposition of a lower 
effective electrical potential difference than was used in 
the succeeding patterns. Other data referring to this pat- 
tern will remain the same. The careful engineer will take 
cognizance of this. 

In estimating “pancake” fractures a similar procedure 
is used as heretofore with the following notation: the 
“pancake” fracture is assumed to correspond to the No. 
2 isopotential shown. For example: if the fracture were 
indicated by an influxmeter to be horizontal and if the 
relative draw-downs were 1.00, 0.959, 0.918 and 0.959, 
it would be found by referring to Table 2 that this 
would correspond to the fracture shown in Pattern 14 
with the No. 2 well located in the 671% degree position. 
The horizontal fracture would correspond to the outline 
of the No. 2 isopotential. Where exact entries cannot be 
found in the table, interpolation may be employed with 
caution. It is also desired to point out that some infor- 
mation on the size and shape of the fracture may be 
gained when less than four wells surround the fractured 
well. 


SUMMARY 


Electrical model studies have been made to estimate 
the size and orientation of vertical and horizontal frac- 
tures. It is shown that for steady-state conditions the 
tabulation of the bottom-hole pressures at the four wells 
surrounding the fractured well may be utilized to esti- 
mate the effective size and shape of the fractures. 

In the interpretation of the data it is desired to em- 
phasize that the matching of field data to those presented 
here does not necessarily imply that the actual fractured 
system is identical to the very simple patterns shown, 
but rather that the actual fractured system, including 
heterogeneities, etc., shows a fluid flow response which 
is equivalent to a fractured system of the type shown. 
It is desired to emphasize that the actual fractures be 
described in terms of equivalents until more detailed 
measuring procedures exist. 
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Table I — Table for Estimating Vertical Fracture Orientation from Draw-Down Data 


Pattern Angle Ske Key Absolute Relative Draw-down 
No Degrees te Well Draw-down Well-b Well-c Well-d 
27 0° 0. 542 1 710 0 0 980 
26 67.59 0. 667 1 800 980 
26 22.59 0. 1 690 600 940 
29 0° 667 4 770 970 
25 0° 0. 542 2 - 650 1.00 

33 0° 0. $42 1 - 650 0 1, 00 950 
33 0° 0. 667 1 750 ° 1.00 980 
33 0° 0.792 1 840 ° 1.00 1.00 
33 22.5° 9, 542 1 660 480 930 940 
27 0. 667 810 490 490 
30 0° 0. $42 1 700 510 720 780 
26 22.59 0, 667 1 800 $10 720 -950 
25 0° 0. 667 2 770 510 1.00 510 
28 67.5° 0.542 2 750 530 530 980 
31 o° 0.542 4 720 $50 ° 980 
29 22.52 0. $42 4 650 550 950 760 
29 oe 0. $42 2 650 550 100 0 

27 22.5% 0. 842 1 740 580 470 870 
29 0° 0.792 4 860 580 980 910 
33 22.5° 0. 667 1 760 600 940 980 
26 4s’ 0.542 1 700 620 740 78¢ 
25 22.5° 0. saz 2 630 630 L 00 660 
32 67. 5° 0.542 1 750 640 $00 1.00 
25 67,59 0. $42 3 630 660 980 670 
29 4 770 670 960 870 
28 67.5° 0. 667 2 830 690 720 980 
31 22.52 0. $42 4 740 700 440 870 
30 67.59 0. $42 2 660 720 570 950 
27 22.5° 0. 667 1 830 720 650 910 
30 22.5° 0. 542 1 690 720 820 550 
28 67.5° 0.797 2 910 720 830 970 
33 22.59 0.792 1 850 720 960 980 
26 45° 0. 667 1 800 750 820 870 
28 0° 0.542 1 750 760 0 940 
31 0° 0. 667 4 810 760 «0 970 
36 67.5° 0. 542 1 760 760 520 1.00 
27 o° 0.792 1 980 760 760 1. 00 
25 22.52 0. 667 2 760 760 980 780 
35 67.5° 0. $42 1 720 770 480 1, 00 
27 45° 0.542 1 750 780 560 770 
33 450 0, 542 1 650 780 790 1,00 
1s 0° 0. 542 1 760 780 810 1,00 
30 0° 0, 667 1 .790 780 820 860 
29 67.59 0, 542 3 780 560 
25 0° 0.792 2 870 780 1.00 780 
32 67.5° 0, 667 4 820 790 640 1, 00 
26 22.5° 0. 792 1 880 790 860 970 
32 ee 0.542 4 760 800 t) 930 
25 67,5° 0.667 1 750 800 1,00 780 
14 45° 0. 542 1 800 810 830 930 
29 22.59 0. 792 4 810 +970 930 
35 0, 542 4 940 
1 22.5° 0, 667 4 820 600 910 
36 0. 542 4 36300 930 
45° 0. 542 4 +830 .600 
24 67,52 0, $42 830 950 
26 67.5° 0, 542 1 830 520 
36 67.5° 0, 667 1 - 840 +830 980 
16 67,5° 0. 542 z 790 830 980 
30 22.5° 0, 667 1 - 780 830 660 
13 oe 0, $42 4 710 830 980 880 
7 0. $42 2 830 00 910 
28 0° 0. 667 1 840 840 470 960 
1s 22.5° 0, $42 1 770 840 790 940 
26 67.5° 0, 792 1 - 880 840 890 950 
29 67.5° 0, 792 1 850 840 L 00 960 
30 67.5° 0, 667 2 760 850 . 680 960 
32 ae 0. 667 4 840 860 0 950 
35 67.59 0. 667 $20 860 580 980 
27 45° 0, 667 1 830 860 710 860 
20 67.59 0, $42 2 790 860 750 970 
27 22.59 0.792 1 900 - 860 800 950 
14 67.5° 0, $42 1 860 820 870 
33 45° 0. 667 1 «750 860 860 Loo 
25 22.59 0. 792 2 870 860 980 870 
23 67.59 0, 542 2 870 690 980 
34 ase 0. 542 4 710 870 700 760 
32 67.5° 0. 792 1 870 780 980 
26 45° 0. 792 1 890 870 890 920 
25 LO? 3 860 870 980 900 
7 22.59 0.542 2 700 870 = 980 900 
28 22,57 0, 542 1 +760 880 340 860 
34 22,5° 0, 542 4 700 - 880 450 890 
16 0° 0. 542 1 790 880 790 940 
1s 0. 667 1 880 850 L 00 
35 45° 0, 792 1 880 880 880 Loo 
B oe 0. 667 4 810 880 970 930 
B 542 4 +700 BEO 980 920 
35 0 0, 667 4 820 8300 960 
36 oe 0, 667 4 850 890 -20 950 
32 22.59 0.542 4 760 890 340 860 
35 22,59 0.542 4 740 430 870 
31 0° 0, 792 4 870 890 550 980 
19 0° 0, 542 1 750 - 890 730 980 
24 67.5° 0.667 2 870 890 - 780 960 
30 45° 0. 542 1 670 890 82 

M 45° 0.667 1 - 860 890 900 970 
29 67.5° 0. 667 3 750 890 +980 690 
24 OF 0, 542 1 800 900 520 900 
20 oe 0. 542 1 800 - 900 - 700 930 
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Pattern Angle Key Absolute Relative Draw-down Pattern Angle Absolute Relative Draw-down 
°. Degrees Well Draw-down Well-b Well-c Well-d No Degrees Well Draw-down  Well-b Well-e Well-d 
19 22.5° 0.542 1 900 760 930 ‘ 890 960 620 990 
31 Ol 4 880 900 770 960 32 4 840 -960 .640 820 
4 o° 0. 542 4 810 900 810 820 4 860 960 740 970 
23 67.5° 0.667 2 860 900 810 980 Je - 820 960 750 810 
16 67.5° 0.667 2 860 900 980 3h 4 810 960 770 670 
° 
30 0° 0. 792 1 - 860 900 900 930 1s 67.59 0. 542 1 770 960 770 830 
27 67.59 0,542 1 740 910 470 540 770 860 
23 oe 9.542 790 910 530 930 60 780 970 
31 45° 0.6674 820 910 740 840 ay 67.59 0, 792 1 900 960 800 =. 840 
15 45° 0.542 1 a7a0 910 5 890 23 225 0. 667 1 870 960 800 930 
° 
1s 22.59 0. 667 850 910 850 970 0. 667 1 850 960 820 950 
20 67.5° 0, 667 2 860 510 860 980 920 960 850 970 
18 45° 0.542 1 740 910 870 900 16 a) 0, 667 1 860 960 860 950 
36 67.5° 0.792 1 900 910 870 980 9 sf 0, 667 1 840 960 880 920 
4 67.5° 0. 667 1 870 910 890 940 8 0. 542 4 810 +960 880 930 
° 
29 45° 0. 667 4 740 910 910 970 Me °° 9. 542 4 810 960 - 880 950 
33 45° 0. 792 1 850 910 100 0. $42 960 880 960 
22.5° 0. 667 2 810 910 970 970 +920 +960 880 980 
32 22.5° 0, 667 4 840 920 $20 900 790 +960 890 +590 
32 0° 0.792 4 900 920 520 960 34 ‘ +870 960 890 890 
° 
28 22.5° 0. 667 1 840 920 550 910 ‘ 800 960 900 930 
35 22.5° 0. 667 4 820 920 560 910 +920 +960 900 960 
22 0° 0.542 1 770 920 $70 970 6 830 «960 910 930 
22 22.5° 0, $42 1 780 920 660 920 t +800 960 910 950 
67.5° 0.542 4 700 920 820 480 01.792 +920 960 910 980 
° 
30 67.5° 0.792 2 850 920 820 970 4 820 960 910 980 
19 0° 0. 667 1 840 920 840 980 780 +960 920 960 
‘4 67.52 542 1 810 920 890 950 1 910 960 920 980 
22 67.5° 0.667 2 850 920 900 980 7.5 . 667 1 830 960 930 890 
6 0° 0. 542 1 780 920 940 970 0. 792 4 930 960 930 940 
° 
B 67.5° 0, 542 3 700 920 980 880 960.930, 960 
36 0° 0. 792 4 910 930 190 960 : +960 980 
36 22.5° 0. 542 4 780 930 350 - 870 960 +950 +960 
34 22.5° 0. 667 4 790 930 580 930 860 960 +950 980 
31 67.5° 0, 542 ‘ 730 930 610 540 Taz 3 910 960 960 960 
° 
35 45° 0.542 4 740 930 640 740 5° +960 
27 67.52 0. 667 1 830 930 650 710 920 960 960 970 
20 22.5° 0, 542 1 930 720 900 800 +960 +960 980 
16 22.5° 0. 542 1 790 930 750 920 : 960 960 Loo 
28 0° 0. 792 1 900 930 750 970 92 1 920 -960 .960 L00 
° 
34 45° 0.667 790 930 820 840 2 +850 +960 .970 980 
10 22.5 0, 667 1 +840 960 970 Loo 
4 0° 0. $42 4 810 930 950 
24 67,5° 0. 792 2 930 930 870 970 +840 960 +970 L 00 
30 0. 667 1 770 930 E 850 960 970 Loo 
17 
8 67.5° 0. 542 1 810 930 900 940 780 +960, 980 900 
45° 916 B 67.5° 0, 792 3 890 980 960 
7 45) 0, $42 1 800 930 920 7 
6 22.5% 0. $42 1 780 930 940 970 1 970 +580 970 
30 1 860 930 940 820 4 -970 730 830 
28 45° 0. 792 1 -970 760, 910 
5 22.58 0, 542 1 930 95 980 
10 22.52 0, 542 1 930 970 45° 
M4 22.5° 9. 542 ‘4 +970 830 
36 22.5° 0.6674 490 910 
21 22.5° 0, 667 1 970 950 
23 22,52 0, 542 1 790 940 650 910 
26 o° 0.542 4 690 940 720 40 26 0° 
32 22.5° 0.792 4 940 7200, 940 
24 0° 0. 667 1 860 940 730 +950 23 0° 0.792 1 oO ave 
22 45° 0. $42 1 780 940 790 840 
16 45° 0. 667 1 970 870.940 
3 67.89 0.792 4 870 +970 890 780 
19 22.5° 0, 667 1 840 940 960 
12 22.5° 0. 542 800 930 
10 45° 0.542 780 970 
° 10 0° 0, 667 4 +930 
24 22,59 0.542 1 800 950 860 30 45° i 
28 22.5° 0.792 1 910 950 760 940 
22.5° 0. 792 1 950.970 
23 oe 0.667 1 860 950 760 9 0.667 
20 22,5° 0. 667 1 870 950 94 9 0° 
31 45° 0.792 4 880 950 860 90 9 0° 
67.5° 0,542 1 800 -950 910 970 
° ig 0° 0, 667 4 +970 
33 67.58 0.542 4 660 8 675° 0.667 1 
10 675° 0, 542 1 780 95 9 8 45° 0, 667 
17 45 0, $42 2 700 950 92 33 COMMER 
1B 0. 542 4 730 950 +930 800 
10 0° 0. 542 4 780 +970 910 
29 45° 0.792 4 860 950 930 9 
4 0. 667 1 860 9 0.792 4 +910 +970 +960 970 
9 45° 0.542 1 770 95 1 45° 
8 22.5° 0. 667 1 860 950 96 3 0° 
4 22.5° 0. 667 850 950 960 
7 45° 0.792 1 .920 +970 980 
4 45° 0.667 1 850 950 960 8 67.5 0. 792 1 920 980 
B 67.59 0, 667 3 800 -950 930 3 2215° 0.667 
B 0° 0. 792 4 890 950 ©. 980 970 
3 67.5° 0. 792 4 .970 .970 
34 0% 0, 792 4 860 960 67.5° 0.792 1 “970 
32 45° 0. 542 4 750 -960 74 48° 
36 45° 0, 542 4 . 780 740 
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Table I (Continued) — Table for Estimating Vertical Fracture Orientation from Draw-Down Data 


Pattern Angle 4 Key Absolute Relative Draw-down 
Pattern Angle Key Absolute Relative Draw-down Pattern Angle Key Absolute Relative Draw-down No. Degrees Fe Well prawsdown Wellcb) Welle Walled 
No. Degrees re Well Draw-down Well-b Well-c Well-o No Degrees Fe Well Draw-down Well-b Well-c Well-d 
7 22.59 0, 792 1 970.970 00 7 67.5% 0,667 1 .950 z 1 
9 45° 0.66721 +970 ,970 100 0° 0,667 2 22.8° 0, $42 1 
0° 0.7920 4 +970 960 0.667 4 1950 980 45° 0, $42 1 
25 45° 0.792 +970 970 9 22,5° 0, 542 1 “980 100 “ 45° 0, 667 1 L 
23 22.5° 0, 667 3 +970 .980 970 0.792 4 1960 920 23 45' 0, 667 1 
67.59 0, 792 1 +960 940 22 67.5° 0,542 1 760 100 +890 730 
6 22.5° 792 1 +900 22,59 0.792 4 +960 .970 2 45° 0.667 +840 
2 45° 0.792 1 910 970 100 9 22.5° 0, 667 4 24 45 0. 792 1 +920 100 910 ~920 
7 67.5° 0, 542 1 «700 +970 850 u 45° 0, 792 1 +960 45° 0, 542 1 780 400 «6.920 930 
22,5° 0,667 1 +970 100 100 4 0° 0, 792 4 +960 23 45 
10 22,5° 0, 792 1 +970 100 Loo 6 45° 0, 667 1 34 pee 
5 0, 667 1 -970 100 100 0,792 4 +960 2. 67.59 9. 
21 22.5° 0,542 +710 «930 o° 0. 792 1 20 45' 0.79 
20 0.5420 1 +980 .800 850 10 o° 0.792 +960 980 23 67,59 0. 792 
° 
32 0, 792 4 2 o° 0. 792 4 67. 0. 542 1 
21 45° 760 +850 7 0.792 1 .980 | 16 
19 67,5° 0.542 760 760 4 67.5 0.792 960 Loo | “910 L00 
36 45° 0,792 900 +910 B 45° 0, 542 3 "970.970 22 67.5% 0. 792 1 900 
2 0° 0.7921 Loo 3 67.5° 0,792 4 "970 980 21 67.5° 0, 792 1 910 
20 45° 0.667 +900 5 o° 0.792 +970 980 n 67.5° 0, 667 1 
24 22.5° 792 1 5 45° 0.792 4 3 0, 667 2 
4 22.59 0,667 4 5 67.52 0, 792 1 67,5° 0.667 3 800 
45 0, 542 3 970 980 
23 22.5° 0, 792 1 +969 22,5° 0, 792 1 1 
6 67.5° 0, 667 1 840 L00 970 980 
19 67.5° 0,667 +860 45 0, 667 1 +970 
34 0° 0, 542 3 7 67.5° 0.667 1 5 67.5° 0,667 1 100 100 
2 6, 45° 0.7923 5 22.5° 0,792 3 910 100 980 970 
8 22,5° 0, 542 4 67.5° 0.792 3 100 980 980 
21 67.5° 0, 542 1 +750 760 1 0° 0.792 860 +980 .980 980 3 67,5° 0, $42 3 750 780 
4 4 0.542 6 45° 0, 792 1 +900 980 980 45° 0. 792 2 880 
15 0, 792 1 910 910 22,5° 0,667 -980 3 45° 0.542 3 750 100 
21 45° 0, 792 1 920 -980 940 10 67.5° 0, 792 1 +890 .980 Loo 2 67,5° 0, 542 1 750 100 5 
22 45° 0, 792 1 +910 -980 950 2 45° 0,667 1 +980 00 2 67.5° 0,667 1 830 100 
16 45° 0. 792 1 970 +980 10 45° 0. 792 +890 +980 100 3 22, 0, 542 2 750 100 100 
16 22,5° 0, 792 1 +920 970 6 o° 0, 792 +900 +980 .980 Loo 2 67,5° 0, 792 1 100 L 
33 67.5° 0,667 4 760 980 .940 .630 67.5° 0, 792 1 Loo 3 45 0, 667 2 B20 Lo 
19 67.5° 0.792 1 +910 +980 45 0, 792 1 +980 .980 25 
8 0.667 4 860 +980 960 0° 0,667 21 +830 +980 100 .980 6 67.5° 0,792 1 890 100 
5 67.5° 0, 542 1 +770 +980 .940 .980 0, 542 1 750 -980 100 
34 67.5° 0,792 4 +860 +980 +750 B 45° 0. 667 1 780 100 L00 
0° 0,792 +980 .970 z 45° 0, 792 1 +890 100 Loo 
6 67.5° 9,542 1 +980 950. 970 2 22.5° 0. 792 1 +890 Loo 
u 22.5° 0,667 1 840 980.950. 970 z 45° 0, $42 +750 -980 100 Loo 


Table I1—Table for Estimating Horizontal Fracture Orientation from Draw-Down Data 


Pattern Angle Key Absolute Relative Draw-down Pattern Angle Key Absolute Relative Draw-down Pattern Angle Key Absolute Relative Draw-down 
No. Degrees re Well Draw-down Well-b Well-c Well-d No. Degrees re Well Draw-down Well-b Well-c Well-d No, Degrees re Well Draw-down Well-b Well-c Well-d 
27 0° 0.5421 510 ° ° 980 30 22.5° 0.667, 1 580 845 552 ° 
° 
22.5 1 490 449 918 4 540 463 68s 31 45' 0. 667 4 620 +790 
667 4 570 965 737 0. $42 +590 746 983 29 0, 667 4 540 +963 
2 450 ° 1,00 0 1 640 672 98s 27 67,5° 0, 542 1 +540 +370 
450 1,00 933 0.542 2 600 500 933 45° 0, 542 1 +540 +870 
33 0° 0.6671 550 1.00 982 1s 22.5° 0,542 1 570 789 79 930 
1s 22,5° 0.6671 650 +970 
“9 ° 1.00 1.00 792 1 680 794 868. 941 33 45° 0, 792 1 +650 1.00 
3 an 93 934 1 $40 796 32 +952 20 67.5° 0, 667 z +660 +985 
3 } 320 620 700 +79 1 650 8001.00 - 934 22 0, $42 1 570 +965 
328 328 984 30 67.5 0. 667 2 560 803 s7 +946 36 22.5° 0, S42 4 580 828 
26 22.5° 0.6671 600 3 633 933 20 45° 0.542 1 580 814 678 966 ° 
67.5° 0,667 670 866 925 
25 2 ° 
2 570 3st 100 381 One 590 678 966 6 0. 542 1 +580 +931 965 
1 610 820 770 34 67.5° 0, 547 4 «500 760 +280 
1 0° 
3 4 520 0.542 z 500 980 860 B 67.59 0, 542 3 +500 +900 +980 +840 
25 67.5° 0.6671 550 418 782 35 67.5° 0, 667 1 620 
$40 278 588 667 35 22.5° 0, 667 4 «620 +903 419 887 
: 928 +69 986 986 67,5° 0, $42 4 +530 +905 2377 
25 22. 5° 2 
29 22.59 0, 667 4 $70 562.948 826 25 67.5° 0.792 3 “660 984 30 
0.542 4 540 592241 633 28 22.5" 0, 542 1 560 ° 22 67.5° 0, 667 2 +650 906 877 +985 
28 $7.5° 0. 667 2 630 22.5° 0, 542 4 
27 22.59 0. 667 1 630 635.540. 889 22,5° 0, 542 4 500 so 980.900 1 “700 von 
0.792 650 984 26 45 0.792 1 690 870.899 6 22,5° 0, 542 1 +580 4 +931 965 
28 67.59 0,792 70 648 6 15 he 0. 667 
28 0° 0.542 1 550 927 30 45° 0.542 1 470 744 
36 67.5° 0, 542 1 560 678 3571.00 36 0. 667 4 650 939 ‘ 
56 679 982 m4 35 22,5° 0, 542 4 + $40 222 815 36 o° 0,792 4 +710 +6 Q +958 
29 67.5° 0,542 3 440 B 0° 
31 0° 0667 610 688 “967 19 0° 0.5421 550 854 636 ay : 
33 45° 0,542 1 450 689 1,00 29 67.8° "0,667 550 654 981. 582 5° 
520 692 289 1,00 35 0,667 4 620 $550 952 7 67.5° 0,542 1 +600 +917 +97, 900 
27 0.792 1 690 696 1,00 32 22,59 0. 542 560 107 821 22,5" 0,667 600, 4983. 933 
27 45 0.542 1 550 709 400. 691 45 0. 667 1 660 879.970 26 0, 542 4 +490 
0.667 1 -590 762. 1 0.792 670 475 965 4 oe 0.542 610 934 
0° 0, 542 1 560 750 1,00 24 67.5° 0.667 670 16 955 24 67,5° 0,792 2 +730 +836 
5 0.792 2 670 715 1.00 16 24 0.542 1 600 867 8 67,59 0,542 X +610 869.935 
20 0° 
32 0.5420 4 560 32 910 +600. 917 27 6.667 2 630 +921 6840, 619 
4 0.542 1 600 750 783 917 19 22.5° 0,542 1 1560 
22,5° 0.792 4 670 761 970. 910 +690, B62 36 22.59 0,667 650 +923 782 
758 +985 22,5 0, 542 1 +520 +788 981 
26 67.5° 0.542 1 +510 765 607 675° 0.6672 66 
7 0.542 2 510 -765 1,00 23 +879. 909 20 0° 0.667 + 660 2924 
36 0.542 4 0 7 o° 0.667 4 +925 881 
+967 967 67,59 0,542 1 +540 +926 +741 
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Table II (Continued) — Table for Estimating Horizontal Fracture Orientation from Draw-Down Data 


Pattern Angle d Key Absolute Relative Draw-down Pattern Angle a Key = Absolute Relative Draw-down Pattern Angle a Key Absolute Relative Draw-down 
No. Degrees re Well Draw-down Well-b Well-c Well-d No, Degrees Well Draw-down Well-b Well-c Welled No. Degrees re Well Draw-down Well-b Well-c Well-d 
690 +957 30 45° 0.667 +963 2 45° 0.667 1 630 +984 L009 
32 22.5° 792 4 +700 +928 6643. 928 21 0° 0, 542 1 +550 +964 6436 964 2 0° 0. 667 1 +630 +980 
45° 0.54200 1 +560 282900 6732, 821 3 o° 0.542 +964 982 20 45° 0.667 1 660 +985 870 
27 45° 0,792 1 +700 +800 10 0° 0, 542 4 580 “4 22.5° 667 4 +660 «985 +864 +879 
9 22.59 0, 542 1 +560 +929 982 1,00 9 0° 0. 542 4 580 965 8 0. 667 4 +660 985 «924 
5 0° 0, 542 1 +570 +930 6982 Loo s 45° 0. $42 1 AYG 7 67.5° 0, 667 1 660 +985 940 970 
22 45° 0, $42 1 +580 +931 6724, 793 45° 0. 792 "570 -965 0° 0.667 4 +985 6940. 985 
10 45° 0, 543 1 +580 +931 965 23 45° 0. 542 1 776 6 45° 0. 667 1 +650 +985 954 969 
23 22.59 0, 542 1 +590 +932 22.59 0,542 4 7 45° 0. 792 1 680 +985 985 
20 67.59 0, 792 2 +730 +932 890.973 26 0.6674 2966 36 45° Q. 792 4 +700 +986 814. 886 
0, 542 1 +590 +9320 913 +983 1 22.5° 0, 667 3 600 2 0° 0. 792 1 +710 +986 Loo 
24 22.59 1 +600 +9330 «4517, 817 7 Fe 867-917 2 22.59 0,792 1 +720 +958 
67.52 0, 667 3 +600 +933 6983). 917 22.5° 0.542 A 600 967 23 22.5° 0, 792 1 +720 +958 
67.59 0, 1 +600 +934 6884. 967 25 4 0.792 2 E967) eG? 23 22,59 0,792 1 +720 +986 
33 0,542 4 +934 891.326 0° 1s 67.59 0, 792 1 +720 +986 902 
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The purposes of this study are (a) to determine the 
accuracy of a previously proposed method for cal- 
culating average reservoir pressure and (b) to find a 
method for estimating the shape of the drainage area 
of each well in a bounded reservoir. Both numerical 
and experimental methods are used to determine the 
pressure distribution and the location of drainage boun- 
daries in idealized reservoirs at steady state. A number 
of photographs are included which show flowlines and 
drainage areas in reservoir models of various shapes. 
Results from these studies are then compared with those 
from the previously proposed method for calculating 
average reservoir pressure. It is concluded that the 
previously proposed method is sufficiently accurate for 
most reservoir engineering purposes. In addition, some 
simple methods are given for estimation of shapes of 
drainage boundaries. 


A method for the determination of the average pres- 
sure in a bounded reservoir was previously developed 
by Matthews, Brons, and Hazebroek,’ and presented at 
the Petroleum Branch Fall Meeting in 1953.7 In ap- 
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plying this method, the reservoir was first divided into 
drainage volumes; second, the average pressure in each 
drainage volume was calculated; and third, these drain- 
age volume pressures were averaged volumetrically to 
give the average pressure in the reservoir. It was shown 
that each well’s individual drainage volume, at steady 
state, is proportional to the well’s production rate; 
however, the question of how to estimate accurately 
the shape of these drainage volumes could not be 
answered. Furthermore, in calculating the average pres- 
sure for each drainage area, the actual drainage areas, 
which are in general quite asymmetric in shape, are 
replaced with one of the symmetric prototypes given in 
T.P. 3876. A question may then be raised as to how 
accurately the symmetrical figures depict the pressure 
behavior of the actual unsymmetrical drainage areas. 
The study reported on in the present paper was made 
in an attempt to shed light on the above questions. 


METHODS 


It was shown in T.P. 3876 that after a period of 
steady rate of withdrawal the rate of pressure decline 
becomes constant at every point in a bounded res- 
ervoir containing a single-phase fluid whose compressi- 
bility is small and constant and whose viscosity is con- 


References given at end of paper. 
;This paper will hereafter be referred to as T.P. 3876. 
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stant. The differential equation at steady state for the 
pressure p at every point (x, y) of the drainage volume 
1S 


2 2 
Ox oy ky; 

If the pressure distribution throughout the drainage 
volume is known at any one instant at steady state, it 
can be obtained at any other instant merely by sub- 
tracting a constant amount from the pressure at each 
point, the magnitude of this amount being the differ- 
ence of the average pressures at those instants. This 
follows from the fact that dp/édr is constant so that the 
pressure at all points, as well as the average pressure, 
decreases at the same rate, and hence by the same 
amount over any period of time. The decrease in aver- 
age pressure in the drainage volume v, from a time f, 

Both numerical and experimental methods have been 
used to obtain solutions of Equation 1. The numerical 
method used was Southwell’s ‘‘relaxation method.” 
Equation 1 was replaced by the finite difference equa- 
tion 


(2) 


_ Pit + Ps qu] 
4 
where p,, p:, Ps, and p, denote the pressures at the im- 
mediately neighboring grid points of the point with 
pressure p, in a square net of mesh side a. The boun- 
dary condition that there be no flow across the boun- 
dary of the region was satisfied by making the gradient 
at the boundary zero. The boundary condition at the 
well was satisfied by assuming that the pressure varied 
logarithmically with distance from the well in a small 
region around the well. 

A faster method of obtaining the pressure and flow- 
line distribution was devised in Shell’s E & P Research 
Laboratory, following the work of Moore.’ The method 
used a flow model to simulate the flow of the fluid in 
the reservoir. 

Considering the reservoir at steady state, we see that 
a model must reflect the fact that no flow occurs over 
the outer boundaries, and further, that at steady 
state each unit volume in the reservoir is dropping in 
pressure at the same rate and thus contributing to the 
total efflux at an equal rate. A flow model which does 
reflect this situation is shown schematically in Fig. 1. 

The model consists of sand held between two hori- 
zontal screens to simulate the reservoir and of tubing 
in the sand to simulate the “well-circle.”’7 Water enters 
the tank in which the model is placed, flows up through 
the sand and over the top of the screen to the well. It 
then flows down the wells and out to the sink. Relative 
flow rates were obtained from times required to fill 
calibrated bottles in the sink. Preliminary rate adjust- 
ments were made with rotameters (not shown in Fig. 


+To preserve true geometrical similarity between this model and 
a reservoir, the ‘‘wells’’? would need to be very small in the model. 
However, since the flow in the reservoir will probably be radial for 
some distance near the well anyway, small error is introduced by 
making the ‘“‘wells” large. It is necessary to make the “wells” large 
to avoid “coning’’ and inertial effects which would arise near a 
smaller well at rates suitable for model studies. We may call the 
tubing cross section the ‘‘well-circle’’ to emphasize the fact that it 
is not a model of the wellbore but of a somewhat larger circle 
around the wellbore. 
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1). A constant level was maintained in the water out- 
side the model by a simple drain. 

When crystals of potassium permanganate are sprin- 
kled over the top screen, the flowlines of the water are 
depicted as the water flows over the screen to the well. 

The sand is chosen fine enough that at a suitable 
rate the drop in flow potential of the water as it flows 
to the wells over the upper screen is small compared 
with the drop in flowing through the sand bed. As a 
consequence of this, the water leaves the screen (up- 
ward) at a substantially uniform rate at every point. 
It is easy to show that the pressure distribution in the 
layer of water above the upper screen satisfies the same 
differential equation as does the pressure in a compressi- 
ble fluid at steady state in a bounded reservoir. Con- 
sidering the meaning of this in terms of reservoir be- 
havior, it can be seen that the uniform water entry is 
analogous to a uniform expansion of each unit volume 
of fluid in a bounded reservoir. As each unit volume 
expands uniformly it furnishes fluid at an equal rate 
to the total efflux. In other words, this is the steady- 
state situation as discussed more fully in T.P. 3876. 
That it rather accurately depicts the steady-state flow- 
lines is shown by the good agreement achieved when 
a problem to be discussed later was solved both numer- 
ically and by this system. 


DETERMINATION OF PRESSURE 
DISTRIBUTION AND DRAINAGE AREA 


NUMERICAL 


The relaxation solution of Equation 2 yields the pres- 
sure at the grid points of the net chosen, Equipressure 
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lines are then obtained by interpolation between grid 
points, and the flowlines are sketched in, orthogonal 
to the equipressure lines. Fig. 2A shows a typical result. 
After the flowlines are sketched in, it will be found that 
there is one flowline about which the lines on either 
side diverge—those on one side go to one well and 
those on the other side to another well. This partic- 
ular flowline, then, is a drainage boundary. In every 
sense this boundary at steady state might well be re- 
placed by a true impermeable boundary between the 
wells without influencing the problem. The oblique pro- 
jection in Fig. 2B, where the pressures are plotted ver- 
tically, shows the drainage boundary more clearly. The 
areal average pressure inside each drainage area was 
put on a dimensionless basis by dividing by qu/4rkh 
where q was the production rate for that area. 


EXPERIMENTAL 


Photographs of the flow model show a series of flow- 
lines traced out by the fluid as it flows over the screen 
to the well. The pressure distribution in the model may 
be obtained by analyzing these photographs. 

The analysis is begun by tracing off the flow pattern 
and by using the pattern to form flow tubes as shown 
in Fig. 3. The rate of flow in the tube varies from 
point to point. The flow rate is zero at the outer boun- 
dary and as the cumulative area of the tube increases 
in coming to the well, the flow rate increases propor- 
tionately. This follows from the fact that flow enters 
the top layer of water above the screen at an equal 
rate everywhere. Therefore, we may find the rate of 
flow past any line such as 5 in Fig. 3 by finding the 
area enclosed by the tube between the boundary and 
line 5. We next break the stream tube into curvilinear 
squares of equal resistance to flow, using the circling-in 
technique of Moore.’ 
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From the curvilinear squares and from the measure- 
ments of area which give the rates of flow at various 
points in the tube, we may calculate the pressure drop 
as shown in the appendix. A typical result showing a 
few of the equipressure lines obtained by analysis of 
Fig. 3 is shown in Fig. 4. Photographs of two of the 
flow patterns are shown in Fig. 5. The numbers in the 
margins near the wells indicate relative flow rates. 


RESULTS 


ACCURACY OF RESULTS 


To obtain an idea of the accuracy of the numerical 
solutions, the pressures at the flowing wells were cal- 
culated analytically for the case of the 2:1 rectangle 
with symmetrically spaced wells flowing in a 2:1 ratio. 
This analytic calculation was made by using the method 
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of images discussed in T.P. 3876. The well pressures 
obtained from the numerical solutions were then com- 
pared with these analytically obtained pressures after 
adjustment to the same datum level. The well pressures 
calculated by the two methods differed by less than 
0.5 per cent. It is believed that any minor inaccuracy 
in placement of drainage boundary will have a negligi- 
ble effect on averaging these pressure results. There- 
fore, it is concluded that the average pressure results 
obtained numerically are accurate to the same degree 
as the pressures themselves. 


The accuracy of the model-study analyses was esti- 
mated by comparison in one case of an average pres- 
sure result obtained from model studies with that ob- 
tained numerically. The comparison is shown in Table 1. 
Comparison of the results for the 2:1 rectangle, 2:1 
flowing ratio, indicate that the model-study results may 
be in error by 0.3 per cent to | per cent with the error 
being greater in the region of smaller drainage area. 
However this comparison was made using the first 
model-study results, and the model-study technique has 
been improved considerably since that time; therefore 
it is believed that these indicated errors are maximum 
ones. 


DISCUSSION OF RESULTS 


The results obtained have been used to test the ap- 
plicability of the method proposed in T.P. 3876 for 


TABLE 1 — ACCURACY OF MODEL-STUDY RESULTS 


Two Wells in a 2:1 Rectangle 
Relative Flow Rates 1 and 2 


Dimensionless Average Pressure 


Flow From From Differ- % Dif- 
Rate Numerical Studies Model Studies ence ference 
1 21.22 + 9.10 21.43 021 | 
2 8.73 + 0.05 8.70 0.03 0.3 
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calculating average pressure in a bounded reservoir. 
Values of p* were calculated by the image summation 
method discussed in T.P. 3876. The datum level for 
these p* values was adjusted to coincide with that for 
the model and for the numerical studies at a dimension- 
less time, kt/fucA, = 10, where A, is the area of the 
entire reservoir in each case.j The p* values thus ob- 
tained correspond to the pressures obtained in practice 
by extrapolating to infinite shut-in time the plot of 
pressure versus log [At/(t + At)]. From these values 
of p* and average pressure results, the quantities 
(p* — p)/(qu/4zkh) 

were calculated as given in column 6, Table 2. 

The complex drainage boundaries in each case were 
then approximated by simpler ones, after which values 
Ot (ae = p)/(qp/4rkh) were taken from curves given 
in T.P. 3876. All these values are shown in column 7, 
Table 2. The time kt/fucA, at which the corrections 
were read was obtained from 

kt kt At _ 1 
fucd; fucd, qi j 
The term A, is the drainage area of the ith well. As 


yAny value of the dimensionless time large enough to place all 
results in the steady-state period could have been used in setting 
the datum level. 
tDetails of the approximation method are discussed in the next 
section. 
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mentioned above, kt/fycA; was taken to be 10 to place 
all results in the steady-state period. 


Results are shown in Table 2. It is evident from 
Table 2 that in every case the method of T.P. 3876 
was able to give a good approximation to the true cor- 
rection (p* — p)/(qu/4rkh) for each drainage area. 
For example if we take gu/4c7kh = 20 psi, then the 
errors in pressure made by using the simplified method 
of T.P. 3876 are less than 20 psi and usually less than 
10 psi. If the corrections (p* — p) are neglected, 
errors over 100 psi will arise. Thus the corrections of 
T.P. 3876 greatly improve the accuracy of the results. 


SELECTION OF PROTOTYPE CURVES 


It was found possible to represent all asymmetrical 
drainage areas by rectangles, squares, or triangles, or 
combinations thereof. To decide upon the symmetrical 
area which most closely represented the asymmetrical 
area, the asymmetrical area was first “squared-up.” In 
squaring-up, an attempt was made to balance the loss 
of area in one region by a gain in another region of 
similar pressure. The true drainage areas and the 
squared-up areas are shown in Fig. 6. 


Next the square or rectangular drainage area most 
like the squared-up area was selected from among the 
prototypes available in T.P. 3876. The corrections 
(Go = P)/(qp/4rkh) were then read at the proper 
times. In some cases where the squared-up drainage area 
looked to be intermediate to two of the prototypes 
available, averages of the (p* — P)/(qu/4rkh) values 
for these two prototypes were used. The prototypes 


TABLE 2 — APPLICABILITY OF THE METHOD OF T.P. 3876 FOR CALCULATING 
AVERAGE RESERVOIR PRESSURE. 


Relative Observes Zale Error 
example Reservoir Rate of Error in 
Well qu/umkh | qu/umkh | qu/unkh psi? 
27.79 | 21.22| 6.57 6.38 =.19)| 
A 
2 14.49 6.73] 5.76 5.20 -.56 | -11 
14.70 8.83] 5.87 5.97 
15.96 | 12.14] 3.82 4.20 +.38] +8 
| 95.52 | 93.90] 1.62 2.50 +.88 | +18 
c 3 29.15 | 27.98] 1.17 Jager +.55] +11 
8 12.90 5.25 5,25 0) 
37.38 | 32.25] 5.13 5. 10 = 
3.94 3.94 10.40 5.32] 5.08 5.00 -.08 | -2 
4.10 
| 29.25 | 25.99] 3.26 3,23 -.03] -I 
4.10 9.49 5.31] 4.18 4.02 
1 
1 31.11 | 24.59] 6.52 6.74 +.22 | +4 
F 4 1.98 19.81 13.54] 6.27 6.09 =, 18 || 
1.98 4.16 10.43 5.01] 5,42 4.87 -.55 |-11 
| 40.30 | 34.51] 5.79 6.09 +.30 | +6 
3.98 2.01 20.90 14.38] 6.52 6.85 +255. |) 
G e 27.01 
15.44 .42] 6.0 5.85 
5,98 11.53 € 7 4 


“Modela used for the drainage areas are shown in Figure 10. 


The brace, {, 


models means that an average of the values for these two models was used. 


S@he error in psi is calculated on the assumption that qu/4mkh = 
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20 psi. 


about two 


MODEL 


DRAINAGE AREA 


|| 


BRAINAGE 


| 
| 


AREA 
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Note: 


Numbers Indicate Relative Production Rates, and Letters Refer 


to Hxamples in Table II. 


Fic. 6 — MopDELS FOR ASYMMETRIC DRAINAGE AREAS. 


shown in Fig. 6 were used to calculate the results given 
in Table 2. 


The squaring-up method is a more time-consuming 
method than would ordinarily be used in computing 
the pressure in a reservoir containing many wells; for 
most purposes a satisfactory estimate of a reasonable 
prototype can be made by inspection of sketched-in 
drainage areas. 


ESTIMATION OF DRAINAGE BOUNDARIES 


Results obtained during the present study formed 
the basis for an investigation into a method for estimat- 
ing shapes of drainage boundaries. Straight lines were 
drawn from each well center to adjacent well centers, 
and along any line the distance from the drainage boun- 
dary to each well was measured. The ratio of these 
distances was then compared with the ratio of flowing 
rates as shown in Fig. 7. Although the straight-line 
relation shown there is not satisfied in all cases, it may 
be seen that as an approximation it may be considered 
a good working rule. 


Between any two wells there may, however, be more 
than one drainage boundary. In general when a portion 
of the drainage area of one well lies between two other 
wells, it is the area of the high-rate well between the 
two lowest-rate wells. Therefore, in sketching-in drain- 
age areas, one should first start with the well producing 


PETROLEUM TRANSACTIONS, AIME 


] 
| 
| 
| | | 
| 
| 
| > 
| 3.94 | | 
_ 


fABLE 3 — FRACTIONAL FLOW RATES PER UNIT THICKNESS 
NINE-WELL SYSTEM 


Well Number (qi/hi)/(Zqi/hi) 
0.054 
0.202 
0.274 
0.150 
0.050 
0.058 
0.066 
0.045 
0.101 


1.000 


WOONAMRWN— 


at the highest rate, and along lines between this and 
adjacent wells attempt to block out the drainage bound- 
ary, using as a guide the approximate relationship, 

d,/d, =~ 
where d, is the distance from the drainage boundary to 

Well 1 (the high-rate well) along a straight 

line connecting Wells 1 and i 

d; is the distance from the drainage boundary to 
any Well 7 along the straight line connecting 
Wells 1 and i 
q, and q, are the production rates of Wells 1 and 

i, respectively. 
If this first “block out” does not give sufficient area to 
the high-rate well to satisfy the requirement that at 
steady state 

= Gi/Xqi » 
which for a uniformly thick reservoir becomes 
A,/A = q./2q: , 

then the drainage area must be adjusted to “finger” 
between wells. On the basis of present work it would 
appear that the fingering would tend to take place be- 
tween the lowest-rate wells adjacent to this well. Alter- 
natively, if there is an undrilled or sparsely drilled por- 
tion of the reservoir, the fingering would tend to be in 
that direction. 

Using these suggestions one can approximate rather 
well all the drainage areas which have been studied up 
to this time. 

As an example of the drainage boundaries that might 
be encountered in a reservoir a study of a nine-well 


RATIO OF PRODUCTION RATES 


0 0.2 0.4 0.6 0.8 1.0 12 1.4 


Ratio of Distances from Drainage Boundary to Wells 


Distances Taken along 4 Straight Line Between Wells! 


Fic. 7 — RELATION OF PRODUCTION RATE TO DRAINAGE 
BOUNDARY DISTANCE. 
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Fic. 8 — NINE-WELL RESERVOIR. 


system is presented. The shape of the field selected 
represents a typical reservoir. Using rotameters, the 
fractional flowing rates were adjusted to conform ap- 
proximately to the values given in Table 3. A photo- 
graph of the flowlines as well as a sketch of the field 
with the drainage boundaries is given in Fig. 8. 


GON CE US 


It is concluded that the method given in T.P. 3876 
is of sufficient accuracy for calculating the pressure 
distribution in a reservoir at steady state. In that paper 
it was also shown for particular cases that this method 
is of adequate accuracy prior to steady state, and hence 
it is believed that the method may be used in practice 
with some confidence. Suggestions given herein for 
estimation of shapes of drainage areas at steady state 
and for “squaring-up” these shapes should be of help 
in practical applications. 
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A, = drainage area of Well i, cm* 


A, = drainage area of all wells in a reservoir, cm’® 


c = coefficient of compressibility of fluid at reser- 


1 


voir temperature, atm 


f = hydrocarbon-filled porosity, fraction, defined by 


f = (total porosity) (1 — fraction interstitial 
water) 

h = net thickness of a uniform reservoir, cm 

h, = net thickness of reservoir in drainage area of 
Well i, cm 
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k = permeability of formation, darcy 


p = pressure, atm 


p. = initial reservoir pressure, atm 


p = average pressure inside drainage volume of a 


well, atm 


p* = pressure obtained by straight-line extrapolation 


to At = oo of first linear portion of plot 
of wellbore pressure versus log [At/(t + 
At)], atm 

q = volume flow rate of a well, cc/sec measured 


at prevailing reservoir conditions 


gi = volume flow rate of Well i, cc/sec measured at 


prevailing reservoir conditions 


xq: = total volumetric flow rate from the reservoir, 


cc/sec measured at prevailing reservoir con- 


ditions 


t = corrected time of production of a well, sec- 


onds, defined by 


total fluid produced 
rate of production just before shutting in 


At = closed-in time of a well, seconds 


v, = drainage volume of Well i, cm* of matrix and 


pores 


v, = total volume of reservoir, cm* of matrix and 


pores 


p. = viscosity, centipoise 


log = logarithm to base 10 
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ANALYSIS OF FLOW-MODEL PHOTOGRAPH 


To find the relative pressure drop in any square such 
as 5-6 in Fig. 3, we consider that the average rate of 
flow through 5-6 is proportional to the area enclosed 
by the flow tube from the boundary of the field to the 
center of square 5-6. Call this area Sa,,. Then 

dss — se, 
where 5 is a proportionality constant. 

The pressure drop may be found from an analysis of 
the flow between a free surface and a flat plate which 
gives 


(A-1) 


k(hax) kh? 
where h is the thickness of the flowing layer, which is 
the analog of reservoir thickness, and k is a constant 
which is the analog of reservoir permeability. Using 
Equation A-1 and rearranging Equation A-2, we have 


APs. (A-2) 


(A-3) 


similarly the relative pressure drop in square 6-7 is 
given by 


bp/kh 

By the term “chord” is meant the width of the flow 
tube at the indicated position. Sa,; is the area enclosed 
by the flow tube from the corner to the middle of 
square 6-7. It is conveniently approximated as indicated 
above as the preceding area to the middle of square 5-6 
plus the length of chord 6 squared. A typical calcula- 
tion of the relative pressure drops is shown in Table A. 
Relative pressure drops are given in column 4. After 
the pressure drops in each curvilinear square are cal- 
culated, the pressures at each chord relative to a pres- 


TABLE A — CALCULATION OF PRESSURE FROM FLOW MODEL 


(2) (4) (5) 
(1) Length® (3) Down =(4) Up 
Chord No. (64th of inch) (Length)? = Ap/(bu/kh) = p/(bu/kh) 
133 130058 
1 6.0 36 169 129925 
2 7.0 49 218 129756 
3 8.5 72 290 129538 
4 9.5 90 380 129248 
5 10.5 110 490 128868 
6 WES 132 622 128378 
7 13.5 182 804 127756 
8 15.5 240 1044 126952 
9 18.5 342 1386 125908 
10 21.0 44) 1827 124522 
1 24.5 600 2427 122695 
12 26.0 676 3103 120268 
13 27.0 729 3832 117165 
14 26-D 702 4534 113333 
15 27.0 729 5263 108799 
16 756 6019 103536 
17 27D) 756 6775 97517 
138 27.0 729 7504 90742 
19 25°55 650 8154 83238 
20 23.0 529 8683 75084 
21 gsS) 380 9063 66401 
22 16.0 256 9319 57338 
23 12.5 156 9475 48019 
24 10.0 100 9575 38544 
25 Zc5 56 9631 28969 
26 5.5 30 9661 19338 
27 4.0 16 9677 9677 
Well-Circle 0000 


ce from which Fig. 3 is reproduced was approximately 7.3 inches on the 
edge. 

Note: To obtain the entire area of the stream tube it is necessary to add the 
area enclosed by the stream tube from the corner to the dotted line in Fig. 3 to 


the sum of the lengths of all chords squared. This addition is made as the first 
entry in column 4. 
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bu/kh 


sure of zero at the well-circle are obtained by summing 
the pressure drops outward from the well-circle. This 
is done in column 5, Table A. 

The pressure analysis method just discussed gives 
relative pressure in all tubes based on a datum pres- 
sure of zero at the particular well-circle at which the 
flowlines terminate. As mentioned before, the datum 
pressure is arbitrary in this steady-state period. How- 
ever, each well-circle will not in general be at the same 
pressure. To adjust the well-circle pressures to the cor- 
rect level, first note that some equipressure lines trav- 
erse parts of both drainage areas in Fig. 4. Let p, be 
the value of the pressure found in area 4 for this equi- 
pressure line and p, the value found in area 1. Then if 
(ps — p,) is added to all pressures in area 1, all pres- 
sures in the entire figure will have the same datum 
level (i.e., p = O along well-circle 4 in Fig. 4). In 
practice, averages along several equipressure lines are 
used in determining this additive constant (p, — p,). 
Equipressure values obtained in this manner are shown 
in Fig. 4. 

To express the pressures in a dimensionless ratio, we 
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note that the relative pressure at any point k is given by 


bp/kh 
where A, is the value obtained at chord k in the out- 
ward summation in column 5, Table A. 

Now the total flow rate, qg;, in drainage area 1, Fig. 
4, is given by 

where A, is the drainage area of Well 1. Substituting 
(A-5) into (A-4) gives 


or 
A, 


Thus the dimensionless pressure at every point as 
given by Equation A-7 can be obtained by multiply- 
ing each value in column 5, Table A, by 47 and divid- 
ing by the total drainage area of that well. In practice 
this conversion to dimensionless units is made only 
after average pressure results are obtained. th 
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The problem of unsteady-state gas flow through por- 
ous media has been solved numerically only for the case 
of linear or radially symmetric reservoirs. A recently 
introduced numerical method for solving the unsteady- 
state heat flow equation in two dimensions is applied to 
the calculation of the depletion of a square region con- 
taining a perfect gas. Solutions are presented in graphi- 
cal form for various values of dimensionless parameters. 
The solutions are compared with published solutions for 
radial reservoirs. 


The problem of unsteady-state flow of gas through 
porous media gives rise to a second-order non-linear 
partial differential equation for which no analytical solu- 
tion has been found. Numerical approximations to solu- 
tions of the gas flow problem have been obtained by the 
stepwise solution of an associated difference equation’”’. 
However, the methods so far developed have required 
that the reservoir be either linear or radially symmetric. 
This restriction in shape has been necessary so that only 
two independent variables be considered, namely, one 
distance variable and time. In order to deal with res- 
ervoirs having more realistic shapes, it is necessary to 
develop numerical procedures for the solution of the 
gas flow problem involving two distance variables. 


Prepared for presentation at the University of Michigan Research 
Conference on the Flow of Natural Gas from Reservoirs, June 30- 
1, 1965, 

Paper presented at Joint Meeting of Rocky Mountain Petroleum 
Section in Denver, May 26-27, 1955. Manuscript received in Petroleum 
Branch office on May 16, 1955. 

References given at end of paper. 
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A numerical procedure, denoted as the alternating- 
direction implicit method, for the solution of the heat- 
flow problem in two dimensions has recently been intro- 
duced’. By the use of this procedure, approximate solu- 
tions have been obtained for heat-flow problems in a 
square*, and in regions having various non-rectangular 
boundaries’. Because of the similarity between the equa- 
tion for heat conduction in solids and the equation for 
gas flow in porous media, it is reasonable to expect that 
the alternating-direction implicit method should also be 
useful for solving the gas flow problem in various two- 
dimensional regions. 


Solutions have been calculated for the simplest two- 
dimensional region, a square reservoir with a single well 
in the center. While reservoirs of such simple geometry 
seldom, if ever, exist, the solution of this problem is of 
some practical importance because it is also the solution 
of another problem, that of determining the depletion 
history about an individual well in an infinite uniform 
reservoir containing wells spaced throughout on a square 
lattice and producing equally from each well. Finally, it 
is of interest to compare solutions for a square reservoir 
with those for a circular reservoir and to determine the 
effect of the shape of the boundary for that particular 
case. 


METHOD OF CALCULATION 


Basic DIFFERENTIAL EQUATION 
By combining the equation of continuity, 
y ) 


the perfect gas law, 
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and Darcy’s law, 
K 


the basic differential equation for flow of a perfect gas 
in a homogeneous porous medium, 
2, _ Op 


is obtained. In a reservoir of constant thickness, only 
two space variables need be considered, and Equation 4 
reduces to 


The initial condition for the problem is 


while the boundarv equations, corresponding to the con- 
dition of no flow across the outer boundaries of the 
square, are 


Op 
x (7) 
op 
y ay (8) 


The well, located at the center of the square, is assumed 
to be of negligible diameter, compared with the dimen- 
sions of the reservoir. The rate of production, g, of gas 
into the well is assumed constant. 


DIMENSIONLESS DIFFERENTIAL EQUATION 
By making the substitutions 


where N is the number of mols remaining in the res- 
ervoir at any time, Equation 5 is reduced to dimension- 
less form 

Gh 
the dimensionless rate parameter, Q, is sufficient to 
characterize the problem. It is defined so that QO rep- 
resents the fraction of the original gas which has been 
removed. 

For convenience in carrying out the numerical inte- 
gration, Equation 14 may be transformed into a quasi- 
linear partial differential equation by the following 
change of dependent variable: 


(14) 


then, 
U 
ax? oY U” 00 me) 
The initial and boundary conditions become 
oU 
OX ( ) 


DIFFERENCE EQUATION 


The numerical solution of Differential Equation 16 
may be obtained by replacing the continuous derivatives 
by ratios of finite differences and solving the resulting 
difference equations. It has been shown®® that the alter- 
nating-direction implicit method may be used for the 
solution of the heat flow equation, 

oT 

in various two-dimensional regions. Because of the 
similarity between Equations 16 and 20, it is intuitively 
clear that the same numerical procedure should be use- 
ful for integrating Equation 16. Using this procedure, 
the following two difference equations are obtained: 
Wie LW ais Wis, 


(20) 


+ 
(AX)? 
(AX)? 
(AY: 
= Wi, j, an (22) 
in +1 


» J, 


where i, j, and n are the indices in the X-, Y-, and ©- 
directions, respectively, and W;,;,, = W(iAX, 1 — jAY, 
n-1 
0,),O, = & AO,. Equation 21 is used at odd-numbered 
time steps to proceed from 0,, to ©,,+, and Equation 22 
is used at even-numbered time steps to proceed from 
Om+1 tO Oon+2. Equation 21 is said to be implicit in the 
X-direction since it contains three unknown values of 
W along a line parallel to the X-axis; similarly, Equa- 
tion 22 is said to be implicit in the Y-direction. It is 
necessary that the two time intervals constituting a 
pair be equal in order for the method to be stable. Thus 
= — Orn = = — - (23) 
However, it is not necessary for the time intervals of 
one pair to be equal to the time intervals of another 
pair. 

The change in dependent variables from U in Equa- 
tion 16 to W in Equations 21 and 22 reflects the fact 
that the solution of the difference equations is an 
approximation to the solution of the differential equa- 
tion. Douglas’ has shown for the application of the 
alternating-direction implicit method to the heat flow 
problem that, as AX, AY, and A® are decreased, the 
solution of the difference equations converges to that 
of the differential equation. Stability and convergence 
have not been demonstrated for Equations 21 and 22, 
which result from application of the method to a quasi- 
linear differential equation. However, for the case of 
quasi-linear differential equations in one dimension, it 
has been shown’ that if an implicit difference equation 
is set up in which the non-constant multipliers of the 
derivatives are replaced by their values at the known 
time level, numerical procedures are obtained which 
are stable and convergent. Consequently, a similar pro- 
cedure is followed here, wherein 1/U”’ is replaced by 
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in the two difference equations. 


i,j,2n+1 

Equations 21 and 22 lead to systems of simultaneous 
equations which can be solved directly without iteration. 
Each set of simultaneous equations corresponds to a 
line of points in the integration net, and contains as 
many equations and unknowns as there are points in the 
line. The details of the procedure for solving such sys- 
tems of equations have been given elsewhere.”** 

Because of symmetry it is sufficient to carry out 
the integration in only one-eighth of the square. Con- 
sequently, it is possible to calculate the pressure dis- 
tribution in the square with many fewer points in the 
integration net. The integration net covers the region 
bounded by the lines X = 0, Y = J, and X = Y, with 
the well located at the point (0,0). The mesh widths 
are set equal to each other such that 

X=AY= d 
A A 

where M is the number of intervals along the center 
lines. The indices i and j are chosen so that they are 0 
at the point (0,/) with i increasing to the right and j 
increasing in the downward direction. The following 
boundary difference equations are obtained from the 
condition that the solution is symmetric with respect 
to each of the three boundary lines: 


It remains to write an equation corresponding to 
production into the well. This is done by assuming 
production is into a square whose corners lie at the 
points + Ax/2, +Ay/2. The flow across any horizontal 
line of length Ax is 


Ktp op Kt 
Aq By Ax 2uRT dy Ax (27) 
In dimensionless form, this becomes 
10U 
AQ gay 4 (28) 


The flow across the upper edge of the square, which 
is equal to one-fourth of the total flow into the square, 
may be approximated by the following difference equa- 
tion: 

Q 1 Wows Wo. 

Since AX = AY, the final boundary difference equa- 
tion is 

Equations 24, 25, 26, and 30 are combined with 

difference Equations 21 and 22 to eliminate values of 
W at points outside the region of integration. The 
equations so formed contain only two unknowns and 
always constitute either the first or last member of 
a set of simultaneous equations corresponding to a line. 
The equation which relates the values of W at the 
intersection of each line with the diagonal always in- 
volves an unknown value of W on the longer adjacent 
line as a result of Equation 26. This value of W may 
always be obtained by arranging the calculations so 
that the long lines are solved before the short ones. 
A more complete discussion of handling this type of 
boundary is given elsewhere.° 


CALCULATIONS 


Calculations were carried out for three values of 
the rate parameter Q. Because of the small internal 
memory of the electronic computer used, only 35 points 
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were used in the integration net, corresponding to 
M = 7. In each case, the size of the first time incre- 
ment used was AQ, = 0.00005/Q; the second time 
increment was, of course, equal to the first. Thereafter, 
each odd time increment was obtained by multiplying 
each previous odd time increment by 1.25.’ Thus 

After QO reached 0.0625, QAO was kept constant at 
0.00625 until the end of the problem. Calculations 
were continued until a negative value of Wo.» was 
obtained. 

The values of O used were 0.01(7/8), 0.05(7/8), 
and 0.1(7/8). The reason for using these values will 
become apparent in the discussion of a comparison 
with the radial system. 

In order to provide a check on the accuracy of 
machine operation, a quadrature was calculated using 
the trapezoidal rule to determine the average value 
of the pressure at the end of each even time step. 
Agreement between the average pressure decline and 
QO was within 114 per cent for all the results. Closer 
agreement would require using a finer net for the cal- 
culation and a better rule for the quadrature. 


RES U EES 


Because of the number of independent variables in- 
volved in a non-linear unsteady-state problem in two 
dimensions, the task of presenting a complete solution, 
either as graphs or tables, is a formidable one. In the 
present case, there are four independent variables, 
Q, X, Y, and ©. Fortunately, it has been possible to 
arrive at an approximate correlation which presents the 
calculated results in compact form; this is presented in 
the next section. In this section only a small sample of 
the calculated solutions are presented. 

One way of presenting the solutions is by means of 
a set of isopiestic maps, one for each combination of 
Q and 0. Figs. 1 and 2 are two such maps for two dif- 
ferent times at the highest rate, i... Q = 0.1(7/8). 
Fig. 1 corresponds to 1.1 per cent depletion of the gas, 
while Fig. 2 corresponds to 60 per cent depletion. 

The contours were obtained by determining the set 
of X and Y for which pressures are the same by plot- 
ting a function, f(P), vs X for all values of Y and 
obtaining the X-values of intersections of lines of con- 
stant f(P) with each of the curves Y = 0, 1/7, 2/7, 
... 1, As the values of P are quite close together near 
the corner (1,1), it was necessary that the function 
plotted be sensitive to small changes in values of P in 
this region. For this purpose the function chosen was 


1 
TUE) In(P./P) ~In(P,/P) 
where P, is the average value of the pressure at the 
time considered, and P, is the value of the pressure in 
the: corner, = 1. 

It is of interest to examine a portion of the isopiestic 
map for the associated problem, that of an infinite 
uniform gas reservoir containing wells spaced through- 
out on a square lattice. This is shown in Fig. 3. There 
is some resemblance between the pattern observed here 
and the pattern deduced for the five-spot problem. 
However, the pattern observed here is considerably less 
symmetrical than that for the steady-state problem. 
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Fic. 1 — Isopiestic MAP FOR DEPLETION OF SQUARE 
Gas RESERVOIR. O = 0.1 (7/8), QO = 0.01097. 


A second method of presenting the solutions is by 
use of a set of pressure profiles along various lines. 
Each graph is a family of curves of pressure vs position 
along the line for various values of time, there being 
one such family of curves for each line examined at 
each rate. Such graphs have the advantage of showing 
more directly than isopiestic maps how the pressure 
declines with time at various points. Figs. 4 and 5 are 
two such graphs drawn for the diagonal, corresponding, 
respectively, to the highest rate calculated QO = 0.1 
(7/8), and to the lowest rate O = 0.01 (7/8). The 
use of a logarithmic scale for the abscissa reduces the 
curvatures of the various pressure profiles considerably; 
furthermore it removes the necessity for attempting to 
plot the pressure at the center of the square. This is 
desirable, since the difference equations produce a 


Fic. 2 — Isopigstic MAP FOR DEPLETION OF SQUARE 
Gas REsERvor. QO = 0.1 (7/8), QO = 0.6. 
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Q=0 


Fic. 3 — Isoprestic MAP FOR DEPLETION OF AN INFI- 
NITE GAs RESERVOIR CONTAINING WELLS ON A SQUARE 
LATTICE. 


number at that point having little significance. To 
estimate wellbore pressure, it is necessary to extrapolate 
P* on a logarithmic plot to the radius of the well bore. 
The circled points in Figs. 4 and 5 are discussed below 
in the section Comparison with Radial Solution. 


UNIVERSAL ISOPIESTIC Map 


Examination of Figs. 1 and 2 discloses a remark- 
ably close resemblance between the shapes of the 
isobars of the two maps. While the pressure changes 
markedly with time at each point, the shape of the 
isobar passing through any given point changes very 
little with time. Furthermore, comparison between such 
maps drawn for the various rates calculated at equal 
fractions of gas depleted shows that there is even less 
change in shape of the curves with rate than there is 
with time. However, comparison with maps for less 
than 1 per cent withdrawal did show considerable 
deviation in the shapes of the curves. On the basis 
of the above, it is concluded that, after more than 1 
per cent of the gas has been withdrawn, the shape of 
the isobar passing through any given point is prac- 
tically invariant with time and rate. 

It is a consequence of this conclusion that there 
exists a universal isopiestic map which may be used 
to reduce greatly the number of curves necessary to 
describe the complete solution. Such a map could be 
used in conjunction with graphs similar to Figs. 4 and 
5 to determine P for any set of values of X, Y, © and 
Q. One would locate the point (X, Y) on the map, 
follow the curve passing through that point to the 
diagonal, read the corresponding value of X,, and use 
this value of X, on one of the diagonal pressure profile 
curves, corresponding to the desired values of Q and 0, 
to obtain the pressure, P. 


COMPARISON WITH RADIAL SOLUTION 

It is expected that Figs. 4 and 5 should be similar 
to published solutions for the radial gas flow problem,* 
in which pressure is plotted against radius for various 
values of Q and ©. Two questions arise: what is the 
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relationship between Q for the radial case and QO for 
the square case; and, what is the relationship between 
radius and position along the diagonal? 

To answer the first question, it is assumed that it is 
desired to compare a circle and a square of equal area, 
and to compare solutions at equal values of q. If the 
dimensionless rate for the radial case be designated as 
Q,., then’ 


Combining with Equation 13 yields 


Thus values for Q for calculating the square case were 
chosen so that the solutions obtained could be com- 
pared with solutions for the radial case corresponding 
to Q, = 0.1, 0.05, and 0.01. 

Determining the relationship between radius and posi- 
tion along the diagonal is a somewhat more difficult 
problem. It is proposed that the universal isopiestic map 
be used to establish this relationship by hypothesizing 
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that any isobar has the same pressure as that given by 
the radial solution for the circle of equal area. Then 
the position on the diagonal where the isobar intersects 
it is equivalent to the radius of that circle. The areas 
enclosed by the curves of several isopiestic maps were 
measured, and the radii of the circles of equal areas 
were plotted as a function of the intersection on the 
diagonal in Fig. 6. The dotted line and curve are 
asymptotes which are derived from the assumption 
that the isobars are circles centered, in one case, at 
the well, and, in the other case, at the corner. 

Using Fig. 6 and the solution for the radial case,” 
pressures were calculated for various positions along 
the diagonal and are plotted as circled points in Figs. 
4 and 5. In all cases, the deviation in P is less than 
114 per cent of the pressure decline. 


APPROXIMATE METHOD 

On the basis of the above comparison, it is possible 
now to set up a very compact approximate solution 
to the problem of depletion of gas from a square. In 
addition to the published radial solutions, it is neces- 
sary to have only one figure, a universal isopiestic map 
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with the various isobars labeled with the corresponding 
value of r/r,. Such a map is given in Fig. 7. 

The use of the approximate method, in summary, 
is as follows. The value of r/r, is determined from X 
and Y on Fig. 7. Equation 3 is used to calculate Q,. 
The fraction of gas withdrawn is 0,0, = QO. Using 
these values of r/r,, Q,, and Q,0,, the value of P is then 
determined from the radial gas solutions.” 

It should be emphasized that pressures obtained by 
this short-cut method are based on approximate numer- 
ical solutions which, for the square, were calculated on 
a relatively coarse net. While these values may be suf- 
ficiently accurate for engineering purposes, if higher 
accuracy is required, solutions can be computed on a 
finer net using the method described herein. 
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NOMEN CEAL URE 


= permeability 

= half the side of square reservoir 

number of increments in distance L 

mols of gas in reservoir 

dimensionless pressure, defined by Equation 9 
absolute pressure 

dimensionless rate, defined by Equation 13 

rate of production, mols per unit time 

gas constant 

radius in equivalent circular reservoir 

absolute temperature 

thickness of reservoir 

P’, solution of Differential Equation 16 
velocity 

P’, solution of Difference Equations 21 and 22 
dimensionless distance, defined by Equation 10 
distance 

dimensionless distance, defined by Equation 11 
distance in direction perpendicular to x-axis 
mol density 

dimensionless time defined by Equation 12 


time 
yt = Viscosity 
= porosity 
Subscripts 
a = average 
b = outer boundary of equivalent circular reservoir 
c = corner of square 
d = diagonal of square 
i = index in x-direction 
j = index in y-direction 
n = time index 
oO = initial 
yy = 


refers to equivalent radial problem 
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EFFECT of MUD COLUMN PRESSURE on DRILLING RATES 


ASB Se 


If a dense fluid such as mud or 
water is used for circulation, the 
formation drilled is influenced by a 
hydrostatic pressure. This pressure 
depends on hole depth and drilling 
fluid density. Laberatory tests indi- 
cate that drilling rates in many for- 
mations are decreased with increased 
pressure—in some cases as much as 
90 per cent. 


A comparison between laboratory 
and field tests indicates that drilling 
fluid head affects drilling rates in the 
field approximately the same as in 
the laboratory. 

Drilling rates of many formations 


are increased by reducing drilling 
fluid head. 


O 


For many years it has been noted 
that field and laboratory drilling rate 
tests did not agree even when the 
formations tested were the same. For 
instance, tests of some shales by the 
Hughes Tool Co. laboratory indi- 
cated drilling rates approximately 20 
to 30 ft/hour, whereas in the ground 
this shale would drill only 3 to 5 
ft/hour. 


1References given at end of paper. 

Paper presented at Petroleum Branch Fall 
Meeting in New Orleans, Oct. 2-5, 1955. Manu- 
seript received in Petroleum Branch office on 
July 18, 1955. 
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A possible reason for this discrep- 
ancy is the effect of the high pres- 
sure which the drilling fluid exerts 
against the formation at the bottom 
of the hole. Consider a small element 
of rock (Fig. 1) that is to be re- 
moved by a rock bit. If the hole is 
filled with mud or water, the upper 
surface of the rock element is sub- 
jected to a pressure which depends 
on hole depth and fluid density. The 
mass of earth around this rock ele- 
ment presses against the circumfer- 
ential surface and the lower surface. 
Because of the probability of shear- 
ing stresses between the rock element 
and the surrounding rock, this ele- 
ment is not under true hydrostatic 
stress. However, as a first approx- 
imation for test purposes the rock 
element was assumed to be under 
hydrostatic stress. 

The effect of hydrostatic pres- 
sure on some physical properties of 
rock has been studied.”** These tests 
show that the “differential” compres- 
sive stress* necessary to cause rup- 


*If a cylindrical specimen is subjected to 
hydrostatie pressure on all surfaces, the spec- 
imen is in a state of hydrostatic stress. If an 
additional axial load is applied at the ends 
of the cylinder the stress caused by this load- 
ing is called differential stress, For instance, 
in the absence of the hydrostatic pressure 
but with a compressive loading, the ‘‘differ- 
ential” stress is equal to the total compres- 
sive stress, 


IMPERIAL OIL LTD, 
CALGARY, ALTA., CANADA 


HUGHES TOOL CO. 


ture in rock cylinders is greater when 
tested under high hydrostatic pres- 
sure than when tested under atmos- 
pheric conditions. These tests were 
made with pressures greater than 
20,000 psi which is in excess of those 
normally encountered in oil well drill- 
ing. Similar tests were made by the 
Bureau of Reclamation* using pres- 
sures equivalent to those encountered 
in oil well drilling. Again the “‘dif- 
ferential” compressive stress neces- 
sary to produce failure increased 
with increasing hydrostatic pressure. 
These tests indicated that drilling 
rates would probably decrease. Cor- 
relation between these tests and drill- 
ing tests was not practical. 

The purpose of this work is to 
study the effect of mud column pres- 
sure on drilling rate, assuming that 
the material drilled is in a state of 
hydrostatic stress. This problem was 
initially investigated in the labora- 
tory using variable bit loads and con- 
fining pressures. Confirmation of lab- 
oratory results was obtained in the 
field from a series of carefully con- 
trolled drilling tests. Because of the 
necessity of testing many different 
types of formations, only results 
from representative formations will 
be presented here. 
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A few terms used in this paper 
require explanation: 


Load on bit is the net load acting 
to push the rock bit against the sur- 
face to be drilled. 


Hydrostatic pressure refers to the 
pressure of the mud column at a 
given depth in a wellbore. 


Confining pressure refers to the 
pressure maintained within the lab- 
oratory drilling machine. It is as- 
sumed that hydrostatic pressure in 
the wellbore and confining pressure 
in the drilling machine produce sim- 
ilar conditions affecting the drilling 
rates of rocks. 

Hydrostatic stress is a three di- 
mensional state of stress in which 
the three principal stresses are equal. 
It is assumed that the material is 
homogeneous and isotropic, 1.e., hay- 
ing properties the same from point 
to point and the same in all direc- 
tions. Under these conditions no 
shear stress exists, resulting in con- 
ditions similar to that of a fluid un- 
der hydrostatic pressure. 

Formation names used to identify 
formations are local terms or names 
applied by the authors to designate 
a location, etc. For instance, ‘“Ellen- 
berger” dolomite and “Canadian” 
dolomite represent formations from 
two different areas. 


LABORATORY EQUIPMENT 


To approximate formation condi- 
tions, a machine was built which 
utilizes a 144-in. diameter rock bit 
so that core samples can be drilled 
while subjected to a uniform hydro- 
static pressure. Fig. 2A shows the 
114-in. diameter bit used for drilling 
samples. 

Fig. 2B shows a cross section of 
the drilling chamber designed for 
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high pressure drilling. Water plus a 
rust inhibitor is maintained at a test 
pressure within the confines of the 
drilling chamber (1) and (2). A 
14%-in. diameter rock bit (3) is 
mounted on a drill stem (4) within 
this chamber. A 2 to 5-in.-diameter 
by 24%-in.-long formation core (9) 
is mounted in a specimen holder (5). 
This specimen holder with the rock 
moves in a vertical direction. Bit 
load is applied by the air cylinder 
(8) through the connecting mem- 
bers (7) and (6) to the specimen 
holder. An additional load is applied 
by the pressure in the chamber push- 
ing against the thin rods (6). 

The chips formed are removed by 
fluid entering the vessel from an ex- 
ternal source and moving as indi- 
cated by the arrows through the 
drill stem and bit. The flow is di- 
rected at the surface drilled. Circula- 
tion (see Fig. 2C) is maintained by 
a low-pressure high-volume pump 
capable of circulating 4 gal of fluid 
per minute. Pressure is maintained 
in the entire system by a high-pres- 
sure low-volume pump capable of 
maintaining a maximum of 14,000 
psi. With this arrangement, less than 
4 hp is required to circulate 4 gal/ 
min. To circulate this volume against 
10,000 psi normally requires about 
25 hp. A photograph of the complete 
machine is shown in Fig. 2D. 


LABORATORY TEST RESULTS 


Formations which have been test- 
ed in the special drilling apparatus 
vary from easily drilled shales to 
very hard-to-drill quartzites. In most 
cases the addition of confining pres- 
sure has caused a decrease in drilling 
rate. 

For each formation a series of 
tests were made in which bit load 
was held constant while drilling rate 
was determined as a function of 
pressure. Fig. 3 shows a plot of the 
complete results from one series of 
tests. For each pressure condition six 
to 12 tests were made and averaged, 
e.g., at 2,500 psi 10 tests were made 
and the average of these values is 
plotted as “0.” Because of the large 
scatter, only average values were 
considered in describing the various 
curves. 


DRILLING RATE AS A FUNCTION 
OF CONFINING PRESSURE 


Drilling rate as a function of con- 
fining pressure is shown for seven 
different formations in Fig. 4A. 
These samples represent shales, lime- 
stones, dolomites and basalts. Four 
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are actual oil field cores; three are 
quarry rocks. All were tested under 
identical conditions, i.e., constant 
rpm, bit load, etc. These formations 
are plotted together because of their 
apparent similarity of reaction to 
pressure. This is of particular inter- 
est since these seven formations vary 
widely in physical and chemical 
properties. 

The data shown in Fig. 4B illus- 
trate two results that are fairly gen- 
eral for this type of test. 


1. A decrease in drilling rate re- 
sults from increased confining pres- 
sure. A maximum is reached above 
which additional pressure does not 
further appreciably reduce drilling 
rate. This maximum pressure is ap- 
parently different for each forma- 
tion. 


2. Relatively, the drilling rates of 
easy-to-drill formations are more 
greatly affected by the increase in 
pressure than the harder-to-drill for- 
mations. Consider the maximum re- 
lative decrease in drilling rate as 

Ra 
R, 
Where R, = drilling rate at atmos- 
pheric condition 
R,, = drilling rate at near 
horizontal portion of 
the curve 


Using this relationship, drilling 
rate in the Rifle shale decreased 78 
per cent, Spraberry shale 76 per 
cent, Wyoming Red Beds 63 per 
cent, Pennsylvanian limestone 50 per 
cent, Rush Springs sandstone 33 per 
cent, Basalt 33 per cent, Ellenberger 
dolomite 22 per cent (Fig. 4A). 
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Further illustrating this, the shale of 
Fig. 4B was drilled at 21.2 ft/hour 
at atmospheric conditions and 1.4 
ft/hour at 5,000 psi, e.g., 


R, — Ra _ 21.2 — 1.4 


R. = 93.4 per cent 


A characteristic common to many 
soft shales is shown in Fig. 4C. A 
relatively small confining pressure 
causes a large decrease in drilling 
rate, e.g., 500 psi—77 per cent, 
1,000 psi — 85 per cent. 

Heavy bit loads (40,000 to 75,000 
lb on a 9-in.-diameter bit) are re- 
quired to drill many hard forma- 
tions. As a result the 1,000-lb load 
on a 1%-in.-diameter bit used in 
drilling some of the softer forma- 
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tions was considered inadequate for 
drilling harder formations. Instead, 
a bit load of 3,000 lb was used. 
The results obtained from drilling a 
hard, tightly cemented quartzitic ma- 
terial are shown in Fig. 4D. Here 
again drilling rate is decreased as the 
material is subjected to increased 
confining pressures. 


IRREGULAR REACTIONS TO 
CONFINING PRESSURE 


Several formations have reacted 
differently from those described 
above. Three formations (Fig. 5) 
illustrate these differences. 

1. The drilling rate of White dolo- 
mite showed a characteristic reaction 
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except that the reduction in drilling 
rate was not as great as expected. 


2. The drilling rate of Chico lime- 
stone, under some conditions, de- 
creased until the pressure reached 
a value above which the drilling 
rate increased. 


3. The drilling rate of Canadian 
dolomite apparently showed no ef- 
fect when subjected to pressures. 

One possible reason for these dif- 
ferences is given in Discussion of 
Results. 


DRILLING RATE AS A FUNCTION OF 
Bit LoaD AND CONFINING PRESSURE 


Results of tests in which drilling 
rate is a function of confining pres- 
sure with bit load as a parameter 
are shown in Fig. 6A and Fig. 6B. 
These tests indicate other trends. 

Drilling rate tests, made on Ellen- 
berger dolomite, as a function of 
confining pressure using bit loads of 
1,000 and 2,000 lb are shown in 
Fig. 6A. A comparison of these two 
curves reveals the following: 


1. With 1,000-lb bit load, drilling 
rate was nearly constant above 1,000 
psi, whereas with 2,000-lb bit load, 
the drilling rate became nearly con- 
stant above 4,500 psi. 


2. The maximum decrease in drill- 
ing rate with 1,000-lb bit load was 
22 per cent as compared to approx- 
imately 50 per cent with 2,000-lb bit 
load. 

The same general results can be 
seen in Fig. 6B. These were ob- 
tained from tests on a medium hard 
shale, Wyoming Red Beds, using bit 
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loads of 500, 1,000, 1,500 and 2,000 
Ib. With 500-lb bit load, confining 
pressure seemed to affect drilling 
rate very little. 


The results from Fig. 6B are re- 
plotted in Fig. 7 to show drilling 
rate as a function of bit load with 
confining pressure as a parameter. 
This plot shows that as confining 
pressure increases, the rock becomes 
harder to drill. For example, the 
four curves (0, 1,000, 2,000 and 
5,000 psi) could represent four dif- 
ferent rocks of progressive hard- 
ness. 


DRILLING RATE AS A FUNCTION OF 
CONFINING PRESSURE — DRAG BIT 


Because of the difference in cut- 
ting action there was a_ possibility 
that variable confining pressure 
would not affect the drilling rate of 
a drag bit the same as it affects the 
drilling rate of a rock bit. In the 
cutting action of a rock bit, teeth 
or projections are pushed approx- 
imately perpendicularly into the sur- 
face of the formation. Chips are 
formed from the resulting stresses. 
The operation of a drag bit is dif- 
ferent. A fixed blade scrapes against 
the formation pushing material ahead 
of it. This action is quite effective 
in soft, unconsolidated formations. 
Drilling rate of drag bits under va- 
riable confining pressure was affect- 
ed in a similar manner to that of 
rock bits (Fig. 8). 


CORRELATION BETWEEN 
LABORATORY AND 
FIELD TESTS 


Laboratory results showed that in- 
creasing confining pressure reduced 
drilling rate in most formations. A 
series of drilling tests were conduct- 
ed in the field to determine if hydro- 
static pressure affected drilling rate 
in a similar manner. 


FIELD TESTS 


Controlled drilling tests were run 
on 23 wells in the Leduc field of 
Canada by Imperial Oil Ltd. This 
field was selected for study because 
of their wide knowledge of geology 
and drilling practices in that area. 
Optimum drilling rates were estab- 
lished for each formation using 
conventional test methods. The effect 
of bit type, rotary speed, weight on 
bit, circulation rate, and fluid prop- 
erties on rate of penetration was de- 
termined. A graph of drilling rate 
vs depth for each bit was made. 


Mid-point of the run was plotted in 
order to minimize effect of bit wear. 
An average penetration curve was 
computed from these data and its 
validity was checked by comparison 
with recent drilling experience. 

Both micro-bit and field tests in- 
dicated that the variable lithology of 
some formations caused erratic pene- 
tration rates. Data from these tests 
were not used. The geologic interval, 
from surface to top of the Viking 
sand, was selected for analysis be- 
cause it is a uniform column of 
3,500 ft. The interval includes the 
Belly River, Lea Park, and Colorado 
formations. The average penetration 
rate curve and its equation is shown 
in Fig. 9A. Calculations are con- 
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cerned with the section from surface 
to the Viking top. Data limits are 
indicated. 

Correlation of laboratory and field 
data required several assumptions re- 
lating to field conditions. These are: 
first, drillability is uniform through- 
out; second, drilling rate is linearly 
related to table speed and weight on 
bit; third, crews are experienced and 
follow similar drilling practices; and 
fourth, circulation rate is sufficient 
to clean hole at the attained drilling 
rate. Field tests have indicated justi- 
fication in using these assumptions. 

Hughes OSC-3 bits were used in 
drilling the entire section. Water 
base-bentonite-natural mud was used 
for circulation, and properties were 
maintained as close as possible to 
those of water. 


LABORATORY TESTS 


Core samples from the Belly River, 
Lea Park and Colorado shales were 
drilled in the laboratory to deter- 
mine the effect of confining pressure 
en drilling rate. These effects were 
comparable to those found in other 
soft shales. A composite curve was 
constructed from drilling rate data 
obtained from each formation (Fig. 
9B). Points were selected from this 
curve for use in correlation with 
field results. 


CORRELATION 


Comparing drilling results ob- 
tained from 9-in. OSC-3 rock bits 
with those obtained from 14-1. 
diameter laboratory bits operating 
under different conditions requires 
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certain assumptions. These are as 
follows: 


1. For soft formations, drilling 
rate varies directly with rpm of bit 
and load per inch of bit diameter. 


2. All other things being constant, 
the ratios of the drilling rates of 
two different bit types remain con- 
stant from formation to formation. 
(Considering here only softer forma- 
tions. ) 


3. The percentage change in drill- 
ing rate due to a change in hydro- 
static pressure is independent of the 
type of mud used. 

Employing these assumptions, 
points from the composite curve of 
Fig. 9B were converted to compar- 
able field conditions. These results 
are shown with the average field 
curve in Fig. 10. This close agree- 
ment indicates that the decrease in 
drilling rate in the field is probably 
due largely to the effect of the mud 
column pressure. 


DISCUSSION OF RESULTS 


ESTIMATION OF PRESSURE EFFECTS 
IN THE FIELD 


A detailed theoretical analysis of 
rock failure based on Mohr’s theory 
of failure is available.”*’ This theory 
predicts that rock becomes harder to 
drill when subjected to a hydrostatic 
stress. There is, however, no proce- 
dure available for field use that will 
enable an evaluation of the relation- 
ship between hydrostatic stress and 
drilling rate. A means of estimating 
the effect of pressure on drilling rate 
may be obtained by using an empir- 
ical equation suggested by H. B. 
Woods and in addition, considering 
the laboratory test results. This equa- 
tion is: 


IG K 
RS 
wa) 


where 

R = drilling rate—ft/hour 

N = rpm of bit 

L = load on bit 

d = diameter of bit 

K = is a constant for a given for- 

mation 

For any given test all quantities 
are known except K. In the labora- 
tory if N, L and d are held constant, 
changes in confining pressure will 
affect the value of K. Using the lab- 
oratory data and this equation, a plot 
of all K values vs pressure where 
each curve represents a different for- 
mation is shown in Fig. 11. 
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Fic. 8— DRILLING RATE VS CONFIN- 
ING PRESSURE. 


To illustrate the use of these 
curves an example is given: 


PROBLEM 


A formation at 4,000 ft was drilled 
with a penetration rate of 30 ft/hour 
using a 9.6-lb mud, 9-in. bit, 20,000- 
lb bit load, and 120 rpm. If this 
same formation were drilled at at- 
mospheric pressure, what would be 
the drilling rate using the same rpm, 
load, etc.? 


SOLUTION 


For one given set of conditions, 
all variables of Equation 1 are known 
except K. This can be calculated. 
The pressure under the condition of 
this problem is 2,000 psi so that K 
becomes K, ,,,. Substituting, Equation 


| becomes | 
20,000 
30 = 24 X 120] 
(; 
= 1.75. Enter Fig. 
11 at point A, parallel the curves to 
pressure 0. Katmos = 1.36 (point B). 
Substituting Kyimos = 1.36, Equa- 
tion 1 becomes 


from which Ks 


, 000 


R=24xX 120( 
= 83.5 ft/hour 

An increase in drilling rate of 53.5 
ft/hour (178 per cent) is indicated 
if the hydrostatic pressure were re- 
duced from 2,000 psi to atmospheric 
pressure. 

This procedure has the following 
limitations: 

1. The equation is empirical. 

2. The results shown in Fig. 11 
are plotted from average laboratory 
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data. Some formations do not con- 
form with these data. 


3. Laboratory results do not pro- 
vide for K values greater than 
shown. K values obtained from field 
data sometimes exceed these values. 


4. If, in the process of reducing 
hydrostatic pressure, the drilling fluid 
is charged, there may be properties 
of the fluid which, in themselves, 
may alter drilling rates. 


FORMATIONS Nor AFFECTED BY 
HYDROSTATIC PRESSURE 


As previously stated, the drilling 
rate of one formation was not af- 
fected by the addition of confining 
pressure (Fig. 5). No explanation 
of this characteristic is attempted, 
however, the conditions of the tests 
are described. The formation was 
permeable, i.e., the drilling fluid was 
forced into the interstices of the 
material at some pressure within the 
test range. 

Compression tests of permeable 
formations have been conducted by 
Bredthauer® and illustrate the condi- 
tion of this test. For one series of 
tests, Bredthauer protected his cylin- 
drical specimens with a plastic jacket 
so that the fluid producing the pres- 
sure could not enter the interstices 
of the material. The fluid acted 
against the outer surface of the 
cylinder so that the entire hydro- 
static loading was constrained by 
the structure of the formation. In a 
second series of tests the specimen 
was not jacketed. The rock was sat- 
urated with fluid and exposed to con- 
fining pressure. The pressure within 
the formation was assumed equal 
VOL. 204, 
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to the confining pressure. For the 
jacketed specimen the differential 
compressive stress required to cause 
failure increased with increasing con- 
fining pressure. For the unjacketed 
specimen, the differential compres- 
sive stress required to cause failure 
did not increase with increasing con- 
fining pressure. 

Most rocks drilled in the labora- 
tory were impermeable to the cir- 
culating fluid within the range of 
confining pressures. The imperme- 
able rock specimen in effect has a 
jacket which restrains fluid from en- 
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tering the pores of the specimen. In 
these cases drilling rate was notice- 
ably decreased as confining pressure 
was increased. This was shown in 
the majority of tests. 

The drilling rate of one formation 
(Curve 3, Fig. 5) but did not change 
with increased pressure. When bro- 
ken open this formation was wet 
inside indicating a condition sim- 
ilar to that of the unjacketed cylin- 
der. 

These tests indicate that drilling 
rates in porous tormations which are 
saturated with liquid may not in- 
crease if the pressure of the mud 
column is relieved. 
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REDUCTION OF PRESSURE EFFECT 


A better knowledge of the effect 
of mud column pressure on drilling 
rate will lead to improved bit de- 
sign and drilling practice. 

The use of air or gas as a Cir- 
culating fluid has already demon- 
strated’ that drilling rates can be in- 
creased over those obtained when 
using water or mud. In Pennsylvania 
during a two-well test, drilling time 
was reduced 270 hours from 510 
hours where mud was used as a cir- 
culating fluid to 240 hours where air 
was used. The average depth of 
these wells was 7,000 ft. Results 
from laboratory tests indicate that 
a part of the increase in drilling rate 
associated with air circulation is due 
to relieving hydrostatic pressure. One 
method of reducing drilling costs is 
by developing practices and proce- 
dures which will allow the use of 
air Or gas in areas where they can- 
not now be used. 

A second method of relieving hy- 
drostatic pressure has been described 
by Bobo, Hoch and Ormsby.” They 
used an air-mud mixture to reduce 
fluid density. 

Other methods may be developed 
to reduce pressure in the vicinity of 
the bit while maintaining a full fluid 
column through the use of a pack 
off system. 


CON NS 


1. Laboratory tests have indicated 
that in most formations drilling rate 
is decreased by increasing confining 
pressure. 


2. Field tests have indicated that 
in most formations drilling rate is 
decreased by increasing hydrostatic 
pressure. 


3. A correlation of laboratory and 
field tests has indicated that hydro- 
static pressure affects drilling rate in 
the field approximately the same as 
confining pressure in the laboratory. 


4. Drilling costs may be reduced 
if practical methods of relieving mud 
column pressure are developed. 
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Earlier tests cited indicated drill- 
ing rates in permeable formations 
saturated with liquid might not be 
affected by increased mud column 
pressure. These tests were with for- 
mations having low and variable per- 
meabilities. The degree of saturation 
was impossible to determine. Studies 
in which permeability could serious- 
ly be considered as a factor were 
delayed. Later Berea sandstone (per- 
meability 100-300 md) was tested 
and found to be satisfactory as a 
test material. 


Drilling rate tests were made using 
Berea sandstone cores saturated with 
water and having all surfaces of the 
core exposed to the confining pres- 
sure of the drilling chamber. The 
fluid pressure in the interstices of 
the core was free to assume a pres- 
sure equal to that of the confining 
pressure. No measurable decrease in 
drilling rates was obtained with in- 
creased confining pressures. 


Although pressure alone does not 
affect drilling rates in permeable for- 
mations, under certain conditions 
pressure is responsible for a very 
large decrease in drilling rates. Con- 
sider a hole drilled into a permeable 
formation which contains fluid at a 
pressure P;. Let the drilling fluid 
pressure P, be greater than P; and 
the pressure difference P, — P, = 
AP S 0 psi. Under these conditions 
the drilling fluid would tend to move 
into the interstices of the formation. 
This condition was approximated as 
shown in Fig. 12. All surfaces of the 
core sample except one were exposed 
to fluid. One surface was exposed to 
the atmosphere so that fluid was 
forced through the core to the at- 
mosphere. 


Under these conditions the pres- 
sure drop across the core was as- 


*These results were obtained late and are 
added to original paper. 


PETROLEUM TRANSACTIONS, AIME 


| 

= | 
| 


DRILLING FLUID PRESSURE Pr 


CORE 


ATMOSPHERIC 


Fic. 12 — Test ARRANGEMENT. 


sumed to be equivalent to the pres- 
sure difference AP. Clear water used 
as drilling fluid moved through the 
formation fast enough to prevent 
pressure from building up. No change 
occurred in drilling rates. A low 
water loss mud used as drilling fluid 
formed a filter cake on the high 


The fact that fluid column pres- 
sure, or, as referred to in this paper, 
hydrostatic pressure has an effect on 
drilling rate in some rocks or forma- 
tions has been established rather 
conclusively. Humble has observed 
this effect in laboratory and field 
drilling and several discussions or 
papers have included data showing 
that there are decreases in drilling 
rates in various rock when hydro- 
static pressure is increased. How- 
ever, as yet there does not seem 
to be any agreement as to the cause 
of slower drilling rates at higher 
pressures. 

There appears to be some rela- 
tionship between permeability and 
this effect, and some tests have 
shown that various rocks under in- 
creased pressures were harder to 
fracture. In addition, this paper men- 
tions a relationship with density. In 
general, the impermeable rocks, at 
least in laboratory drilling, are the 
ones more susceptible to hydrostatic 
pressure effects. Logical reasons for 
this effect would be that across the 
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pressure side of the core. Pressures 
could be built up. Drilling rates were 
reduced greatly as shown in Fig. 13. 
Apparently the mud cake formed on 
the surface of the rock became very 
strong and tough with the large pres- 
sure difference tending to hold the 
cake tightly against the face of the 
rock. If a portion of this cake was 
removed, large pressure differences 
must have caused very rapid replace- 
ment of new cake in its place. 

To drill hole in the presence of 
a tough filter cake, a rock bit tooth 
must first penetrate the cake and 
then, once through it, cause a chip 
to form. Before the chip can be re- 
moved it must work its way up 
through the cake into the circulat- 
ing system. If the chip is held in 
place by the filter cake, subsequent 
teeth simply fracture the chip into 
smaller chips until the cake prob- 
ably becomes a mixture of mud and 
very fine cuttings. The net effect is 
that the bit is running on a “cush- 
ion” of filter cake and cuttings with 
a large decrease in drilling rates as 
indicated in Fig. 13. 


DISCUSSION 


P. L. MOORE 
HOUSTON, TEX. 


minute particle of rock being drilled 
there exists enough of a pressure dif- 
ferential for compaction; however, 
if the rock is saturated prior to test 
drilling this differential should not 
exist. Therefore, following this line 
of thinking, a rock should always be 
saturated prior to test drilling in the 
laboratory, that is, if it is assumed 
field formations are saturated. 

Two ways of saturating rock in 
the laboratory are pressure or vacu- 
um saturating. The latter method 
should offer the best means for com- 
plete saturation; however, there is 
some question even then if complete 
saturation of all pore spaces takes 
place. Based on this doubt, it may be 
that laboratory rocks are never com- 
parable to field formations. This is 
assuming the field formations are 
saturated. If they are not, it would 
be difficult to even know the degree 
of saturation in any field rock so 
it could be simulated in laboratory 
drilling. To sum up this thought, if 
a rock is completely saturated when 
drilling then the equalization of pres- 
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Fic. 13 — DRILLING RATE vs 
PRESSURE DIFFERENCE. 


At present, plans are being made 
to: (1) vary both fluid pressure on 
the formation and drilling mud pres- 
sure; and (2) test the effect of jet 
velocities on the filter cake. 


HUMBLE OIL & REFINING CO. 


sures across any fractured particle 
should be practically instantaneous, 
and it would make no difference if 
it was permeable or impermeable. 
When pressures on rocks have been 
increased, it has been found in some 
cases that rocks failed at higher 
compressive stress indicating that the 
more impermeable rocks may drill 
slower at higher pressure because 
they are more affected by the in- 
creased pressure. 

Although data from this paper 
provide a strong argument for the 
mentioned relationship between drill- 
ing rate and rock density, none of 
Humble’s tests have shown that this 
effect exists. Examples are soft Frio 
sand cores, a Gulf Coast area pro- 
ducing formation, and Lueders lime- 
stone, a quarry rock, both of which 
showed no effects from hydrostatic, 
while harder shales and Carthage 
marble, another quarry rock, were 
drilled slower at higher pressures. 


Field observations have shown 
that as the mud density is increased, 
thereby increasing the hydrostatic 
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pressure on the formation, there is 
a reduction in drilling rate. However, 
in short interval field tests, where 
the weight of small batches of mud 
was varied over a wide range, it was 
observed that the drilling rate was 
reduced considerably as the mud 
density was increased. The size of 
the test batches was such that the 
effective hydrostatic pressure on the 
mud column was not appreciably 
affected. 

The empirical formula used to 
solve for drilling rates at different 
pressures resulted in the calculation 


of points almost on the actual drill- 
ing rate vs depth curve. The only 
question is on the correlation be- 
tween large and small bits. In this 
paper bit diameters are used; how- 
ever, considering the part of the bit 
that constitutes a cutting surface, it 
seems that the ratio between the 
two should be a figure between bit 
diameter and area. The reason that 
it had no effect in this formula, if 
it should be a higher number than 
just a ratio of diameters, probably 
lies in the calculation and use of K 
which would, so long as it is a linear 


relationship between bit size, com- 
pensate for any error. 

It is interesting to note the good 
correlation of field and laboratory 
data in this paper, and the authors 
are to be complimented for their 
time and efforts permitting these cor- 
relations to be made. Through the 
combined efforts of all companies 
doing research in this field, it is 
hoped that methods and techniques 
will soon be devised to overcome the 
problem of slower drilling with in- 
creased pressure. 


AUTHORS’ REPLY to PRESTON L. MOORE 


The relationship of the pressure 
effect on drillability of formations 
referred to by Preston L. Moore has 
deen found in most cases where the 
formations are impermeable under 
laboratory test conditions (see Fig. 
+A). Many formations have been 
found which do not satisfy this con- 
clusion (see Fig. 5). At least part 
of the deviation is believed to be 
due to the variation in the permea- 
bility of some formations. Those 
formations named by Moore could 
very well be in this group. 

The desirability of saturating the 
laboratory core samples may be 
doubtful in some cases. First, the 


exact degree of saturation in the 
field may be unknown, making lab- 
oratory duplication impossible. Sec- 
ond, if a pressure difference exists 
between the formation fluid pres- 
sure and mud column pressure, the 
rate of penetration of the mud (as- 
suming no filter cake) will be in 
part a function of the permeability. 
If the permeability is high so that 
the mud moves into the formation 
rapidly, the rock bit drills a forma- 
tion which is saturated with a fluid 
at practically the same pressure as 
the mud column. If the permeability 
is low so that the mud moves into 
the formation as slowly or more 


slowly than the rock bit drills into 
the formation, then the rock bit is 
drilling a formation which has a 
high pressure acting against the sur- 
face of the rock. With this line of 
thinking, it may not be desirable to 
saturate the laboratory cores. 
Moore questions the use of bit 
diameters instead of areas in the cor- 
relation between large and small bits. 
He is right in his thinking that a 
figure between the two should be 
used. Within the range of our lab- 
oratory tests on various bit sizes, 
this figure is closer to bit diameter; 
in fact, so close that we have used 
it as the diameter. took 


PETROLEUM TRANSACTIONS, AIME 


204 


An ANALOG COMPUTER for STUDYING HEAT TRANSFER 
during a THERMAL RECOVERY PROCESS 


JUNIOR MEMBER AIME 


AUB 


A design is presented for an elec- 
trical analog computer which can 
solve non-steady state heat transfer 
problems in an extensive radial for- 
mation containing a moving cylin- 
drical source. The computer is used 
to simulate a simplified thermal oil 
recovery process in which heat trans- 
fer from a moving, constant tem- 
perature source takes place radially 
by conduction only. Temperature 
distribution curves are shown for 
several different assumed modes of 
travel for the heat source. The data 
are used to estimate the residual 
fuel requirements necessary to main- 
tain a_ self-propagating isothermal 
front for the particular system being 
studied. 

Although the computer is design- 
ed to represent. an unique system, 
conversion factors can be adjusted 
to show the effects of changing the 
assumed values of system constants, 
such as thermal conductivity of the 
formation and temperature of the 
source isotherm. Examples are given 
to illustrate the relative influence the 
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assumed values of these variables 
will have upon the quantity of fuel 
required to maintain the source. 

The maximum effect of heat 
transfer by the flowing air stream 
is estimated mathematically, and 
full requirements for this system are 
shown to be markedly reduced. 

Inasmuch as the examples discuss- 
ed refer to a simplified process, the 
results are not directly applicable to 
a practical field operation. It is be- 
lieved, however, that the data illus- 
trate some general trends which are 
important in thermal recovery proc- 
esses. 

Data from laboratory and _ field 
experimentation can be used to 
modify the computer to take into 
account the influence of heat trans- 
fer by various mechanisms, for ex- 
ample, by injected air and by fluids 
ahead of the hot zone. With such 
refinements it would be possible to 
estimate more accurately the limit- 
ing values for the rate of travel 
of the high temperature front and 
for the required air injection rates. 

Use of this computer should aid 
in evaluating the economic feasibil- 
ity of oil recovery by various 
thermal processes. It is hoped this 
paper will stimulate further work 
by others to help accomplish this 
objective. 


UNION OIL OF CALIFORNIA 


As the costs of exploration for 
and development of new oil fields 
rise, increasing the recovery of oil 
from established fields becomes more 
and more important. In fields con- 
taining low gravity crude oil, ulti- 
mate recoveries by primary means 
are sometimes less than 10 per cent 
and often total only 10 to 20 per 
cent of the oil in place. Conventional 
secondary recovery methods are not 
always effective in increasing this 
total. Methods which have been 
proposed for increasing the recovery 
of viscous oils include thermal proc- 
esses for increasing the mobility of 
the oil. One method is to provide a 
moving heat source generated within 
the formation to heat the oil and a 
flowing gaseous medium (for ex- 
ample, air) to sweep the oil to the 
producing wells. The possibility of 
such a process has intrigued engi- 
neers for many years,”** but little 
or no information has been available 
in the literature relative to the tech- 
nical or economic feasibility of this 
method. Recently, however, interest 
has been revived by publication of 
laboratory and field test results indi- 
cating the feasibility of maintaining 


‘References given at end of paper. 
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a self propagating heat source in an 
oil formation. Very high ultimate 
recoveries were indicated to be pos- 
sible? 

To date, numerous laboratory 
tests have been devoted to studying 
the many variables involved, such 
as oil and oil-sand characteristics, 
pressure, and air flux. Of necessity, 
such tests are usually made in linear 
cells. The application of laboratory 
results to a radial system of suffi- 
cient scale to evaluate the economic 
feasibility of a thermal oil recovery 
process is extremely expensive and 
subject to considerable trial and 
error. One intermediate step is to use 
mathematical and analog methods to 
study means of utilizing the experi- 
mental information in the most ef- 
fective manner. 

To a large extent, the evaluation 
of economic feasibility depends upon 
a knowledge of such factors as sweep- 
out efficiency, well spacing, and air 
injection rates and pressures. A study 
of areal sweep of a combustion pat- 
tern has been reported in a recent 
paper by H. J. Ramey, Jr., and G. 
W. Nabor.’ 

It is proposed in the present paper 
to describe a design for an electrical 
analog computer which can calculate 
the temperature profile resulting from 
non-steady state heat transfer from 
a moving source in an extensive ra- 
dial system. A method is presented 
for using such profiles to estimate 
the fuel required to maintain a mov- 
ing heat source. The effect of changes 
in the assumed values of different 
variables is demonstrated through 
changes in scale factors in the com- 
puter. 

In the present study the computer 
was used to simulate a simplified ther- 
mal process in which the single fac- 
tor of heat transfer by conduction 
alone was considered. Inasmuch as 
the nature of the thermal oil recov- 
ery process may predetermine the 
quantity of fuel available for generat- 
ing the heat source, and the heat 
transfer characteristics are dependent 
upon the physical operating condi- 
tions, it may be concluded that the 
optimum mode of travel of the source 
will be affected by additional factors 
not included in the present design. 
Through the utilization of data ob- 
tained in laboratory and field experi- 
ments, the computer described herein 
may be modified to evaluate different 
hypothetical mechanisms for the re- 
covery of oil by thermal means. 


APPARATUS AND PROCEDURE 


Mathematical or experimental so- 
lutions of unsteady state flow prob- 
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lems are often difficult and time 
consuming. A common method of 
obtaining a rapid solution to such 
problems is often found by use of 
electrical One such net- 
work” has been adapted in our labo- 
ratory to study heat conduction from 
a moving, cylindrical heat source in 
the earth. 

The electrical model makes use of 
the similarities which exist between 
the flow of heat in a rigid body and 
that of charge in a non-inductive elec- 
trical circuit. 

The method is based on the iden- 
tity in form between the following 
electrical and heat flow equations: 


Heat Flow Electrical Fiow 
R, = 
qd if 
C.= wes 
: AD axa A 


It follows from this identity in 
form of the fundamental defining 
equations that all mathematical re- 
sults based on them will be similar. 

In the analog computer discussed 
in this paper, the simulated forma- 
tion was divided into 100 concentric, 
cylindrical tubes of unit thickness, 
each varying from the next one by 
an increment of radius. Because of 
the symmetry of this two-dimensional 
problem, it was possible to simplify 
the electrical network by adjusting 
the values of the components to rep- 
resent the thermal capacitance and 
resistance associated with the radial 
location of each thermal element. To 
approximate an infinitely large me- 
dium, the last element in the circuit 
was designed to correspond to a for- 
mation volume which was large com- 
pared to the entire radial system 
being studied. 

In order that the computer could 
be operated at a convenient voltage 
and transient time interval, scale fac- 
tors were chosen for the conversion 
from thermal to electrical units, as 
follows: 

vas 
equivalent to 1000°F. 

n = 0.006 sec/hour; that is, one 
minute in the computer is 
equivalent to 10,000 hours 
actual time. 

m = 3.04 X 10” farads/Btu/°F; 
that is, one microfarad is 
equivalent to 3290 Btu/°F. 


The following thermal constants 
were assumed to be representative of 
a fluid saturated, porous rock: 

thermal conductivity, k = 1.6 

Btu/sq ft hour °F/ft 

specific heat, c = 0.2 Btu/Ib °F 

density, p = 140 lb/cu ft 

diffusivity, «< = 0.057 sq ft/hour 


The scale factors may easily be 
changed without invalidating the re- 
sults as long as the relationships be- 
tween the two systems (electrical and 
thermal) are maintained. It is possi- 
ble, withih certain practical limits, to 
study the effect of changing the as- 
sumed values of the variables in the 
thermal systems by making suitable 
changes in the scale factors. This is 
important in considering the useful- 
ness of the computer. 

For a given position (x) in the 
thermal system, the thermal resist- 
ance is: 


1 
Ar, °F hour 
= 


To convert to electrical units: 


n 
AR. a — AR, = 
m 


where A, is the logarithmic mean 
area. 

For the same element, the thermal 
capacitance is: 

= 87.6 7) Btu/°F 

To convert to electrical units: 

AC, = MAC, = 

2.66 X 10% farads 

A schematic diagram of the com- 
puter circuit is shown in Fig. 1. The 
body of the computer, a conventional 
RC network made of non-inductive 
resistors and oil-filled condensers, is 
shown with each of the elements 
connected to the bars of a large 
commutator. The voltage source is a 
180 v “B” battery, chosen to give full 
scale deflection of the oscilloscope 
beam when connected directly to the 
deflection plates. 


To simulate the movement of a 
heat source, the voltage source is 
connected to a rotating brush which 
contacts the commutator bars. A sec- 
ond brush, rotating at a high speed 
relative to the primary voltage source, 
is used to transfer the condenser volt- 
age at each element to the oscillo- 
scope plates. By means of an adjust- 
able selector switch synchronized 
with the source rotor, a triggering 
signal is sent to a commutator bar 
adjacent to the last RC element to 
initiate the oscilloscope sweep. This 
results in a visual representation of 
the voltage profile in the computer 
network for the selected location of 
the simulated heat source. A photo- 
graph of the assembled computer and 
associated equipment is shown in 
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Fic. 1 — SCHEMATIC DIAGRAM OF ANALOG COMPUTER FOR HEAT TRANSFER 
BY CONDUCTION IN A RADIAL FORMATION. 


To operate the computer, the rate 
of travel of the source rotor is se- 
lected by changing the gear ratio on 
the drive motor. After a suitable 
warm-up period, the positions of the 
trigger selector switch are adjusted 
and synchronization is checked with 
the oscilloscope sweep circuits. The 
camera is attached to the oscillo- 
scope and the network voltage pro- 
file photographed at the preselected 
positions. 


If the computer is used to simu- 
late a constant temperature source 
moving through a radial formation, 
a temperature profile similar to that 
shown in Fig. 3 is observed on the 
oscilloscope screen. The vertical dis- 
tance between grid lines represents a 
temperature difference of 100°F. The 
curvature of the grid lines calibrates 
the beam deflection for the entire 
screen. The voltage of each segment 
of the computer network is shown as 
a spot on the screen at a vertical 
position corresponding to its numeri- 
cal value. 


This analog computer can be 
adapted to the solution of heat trans- 
fer problems involving steady state 
or non-steady state conditions and 
moving or stationary heat sources. In 
order to check the network design, 
analog solutions were determined for 
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problems involving a stationary heat 
source for which the theoretical 
curves could be obtained by conven- 
tional mathematical methods. In gen- 
eral, it was concluded that the net- 
work satisfactorily represented a cy- 
lindrical system and that the solution 
of non-steady state problems in a 
simulated infinite cylindrical medium 
was feasible for short times. For 
problems involving long computing 
times at a given position of the source, 
the error increases with time.” For 
such problems the accuracy could be 
improved by using a DC amplifier at 
each lump in the analog.” How- 
ever, for problems involving a mov- 
ing source, the large additional ex- 
pense involved in such a refinement 
was not considered necessary. 

As described herein, the computer 
has been designed to study heat con- 
duction problems involving a mov- 
ing, constant temperature source in 
a radial formation. It should be 
pointed out, however, that the gen- 
eral design is applicable to a variety 
of heat transfer problems involving 
a moving source. With some modifi- 
cation it would be possible to study 
non-steady state heat transfer by 
gases, liquids, and solids, either in- 
dividually or as an interacting sys- 
tem, in media of different geomet- 
rical shapes. In addition, the moving 
source rotor may be designed to rep- 
resent a heat source with any of a 
number of unique properties. 


ILLUSTRATIVE PROBLEMS 


To illustrate the type of problem 
which can be studied with this com- 
puter, several assumed modes of 
travel of the heat source will be dis- 
cussed. It should be emphasized that 
these problems are intended to be 
illustrative only and are not neces- 


sarily representative of a practical 
field operation. 

For the following illustrations, it 
is assumed that a constant tempera- 
ture heat source is produced in the 
formation. Although a number of 
possible mechanisms for the produc- 
tion of such a heat source may be 
visualized, for convenience a mecha- 
nism similar to that postulated by 
Kuhn and Koch* has been assumed. 
According to their hypothesis, a com- 
bustion zone is produced by burning 
residual carbonaceous material de- 
posited out of the native crude oil 
ahead of the high temperature zone. 
In the idealized case, the tempera- 
ture of this combustion zone could 
be maintained at a constant optimum 
value by adjustment of the rate of 
air injection into the formation. 
Although reference will be made 
throughout the ensuing discussion 
to the “combustion front” and the 
associated fuel requirements, any 
means of obtaining a constant tem- 
perature front would result in identi- 
cal heat transfer characteristics for 
the particular conditions postulated. 

In one set of tests, a constant 
temperature source was moved radi- 
ally through the formation at various 
constant speeds which ranged from 
0.874 ft/day to 0.097 ft/day. Tem- 
perature profiles were photographed 
at convenient positions. In Figs. 4, 
5, 6, and 7, temperature data from 
the above tests have been plotted on 
a semi-log scale to show the com- 
puted temperature distributions for 
different positions of the heat source. 
It is immediately apparent that (1) 
at a constant rate of travel, preheat- 
ing of the formation ahead of the 
source isotherm increases with dis- 
tance of travel and (2) at a given ra- 
dius, preheating increases for slower 
rates of travel. 

These temperature distribution 
curves may be used to calculate the 
theoretically required amount of resi- 
dual fuel to maintain a self-propagat- 
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front: 0.874 ft/day. 


ing combustion front at a given rate 
of advance. In order to make such a 
calculation, it is necessary to know 
the instantaneous heat loss from the 
combustion front. If this heat loss 
can be supplied by burning the avail- 
able fuel, the temperature of the 
combustion front will remain con- 
stant and the source will be self-per- 
petuating as long as sufficient air is 
supplied. If there is insufficient fuel, 
the temperature will decrease and, 
under certain conditions, the process 
will cease. 


The instantaneous heat loss can 
be determined from the equation, 
q = kA 0T/er. The term, 07 is 
simply the instantaneous temperature 
gradient at the heat source and can 
be readily determined directly from 
the figures as 


aT /or = InT, — InT, 
r 


Then the fuel required to maintain 
the combustion front will be 
where s is the heat of combustion of 
the residual fuel (assumed as 17,000 
Btu/lb) and dr/dt is the rate of 
movement of the front in feet per 
hour. 

Through use of the above method, 
Fig. 8 has been plotted to show the 
residual fuel required to maintain a 
moving heat source (temperature = 
1,000°F above ambient) in a forma- 
tion in which heat is transferred ra- 
dially by conduction alone. 


A suitable change in conversion 
factors (1 = 0.18, n = 0.006, m = 


10, can ibe 
made to show the effect of changing 


Ib/cu ft of formation 
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front: 0.353 ft/day. 


the assumed value of the conduc- 
tivity. In Fig. 9 the fuel requirements 
to maintain a moving combustion 
front are indicated for k = 0.8, AT 
= 1,000. 

Similarly, through the choice of a 
different set of conversion factors 
= O30, = OWNS, = COS 
10°, r = r,/\/2), the effect of a 
change in the temperature of the 
combustion front can be found. Fig. 
10 shows the fuel requirements if 
k = 0.8, AT = 600. 

In general, Figs. 8, 9, and 10 show 
that the fuel requirements are higher 
for the slower rates of travel of the 
source. Inasmuch as the physical na- 
ture of the assumed process makes 
available only a given amount of 
fuel, which may be affected by for- 
mation and oil characteristics, there 
should be a minimum rate of ad- 
vance possible for a self-propagating 
combustion front. The curves indi- 
cate that this critical rate will de- 
crease with distance from the well- 
bore. This characteristic is a result 
of the greater preheating by conduc- 
tion as the combustion front travels 
away from the wellbore and should 
be true when the additional effect of 
injected air is considered. 

From the data presented above, it 
is apparent that the differences be- 
tween the actual value of k and that 
used in the computer are not critical 
in determining the required fuel con- 
tent, provided k is of the right order 
of magnitude. Of greater importance 
in using the data is the value as- 
sumed for the temperature at the 
combustion front, inasmuch as the 
required fuel content was shown to 
be directly proportional to the tem- 
perature. This indicates one area in 
which experimental data from labo- 
ratory tests would be desirable. 


In order to maintain a constant 
rate of advance of the combustion 
front as shown in these figures, it 
would be necessary to provide for an 
increasing volume rate of injection 
air as the front travels away from 
the wellbore. To determine the re- 
quired air rates, it would be neces- 
sary to know the position of the 
front at any time. This is not likely 
to be practicable for field operation. 
A simpler operational method would 
be to inject air at a constant rate. If 
both the fuel supply per unit volume 
of formation and the air injection 
rate are assumed to be constant, it 
would appear that because of geo- 
metrical factors the minimum rate of 
movement of the combustion front 
should be inversely proportional to 
the radial position. 

It is possible to study the feasibil- 
ity of this mode of operation by 
either of two methods. In one case, a 
family of curves, each of which is 
proportional to 1/radius, can be ob- 
tained with a constant rate drive. In 
the second case, the computer can be 
set up so that the source rotor can be 
moved at a rate proportional to 
1/radius. 

To illustrate the first method, the 
family of curves in Fig. 8 has been 
used to examine a mode of travel in 
which the rate of movement of the 
combustion front is equal to 8/ra- 
dius in feet per day. Then for the 
constant rates of 0.874, 0.353, 0.211 
and 0.097 ft/day, the front would 
be located at approximately 9, 23, 38 
and 83 ft, respectively, in order to 
be traveling at the designated rate. 
If these points are plotted on Fig. 8 
they will all fall at a constant fuel 
requirement of approximately 2.3 
lb/cu ft of formation, indicating that 
the front would be self-propagating 
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If the computer is set up so that 
temperature profiles are obtained at 
radii, 7;, at the corresponding rate, 
8/r;, the required residual fuel can 
be calculated from the computed 
temperature gradients in the manner 
described previously. In this case a 
single curve would be obtained as 
shown in Fig. 11. Here again the re- 
quired residual fuel is found to be 
2.3 lb/cu ft of formation. 

In general, it may be concluded 
that for this mode of travel the nu- 
merical value of both the tempera- 
ture gradient and the radial velocity 
of the combustion front must be 
changing at the same rate. The results 
indicate also that in the radial sys- 
tem described a constant rate of fuel 
consumption will result in a constant 
temperature heat source only if the 
rate of movement is inversely pro- 
portional to the radial position. 


In the above discussion, heat trans- 
fer by the injected air has been neg- 
lected. It is possible, however, to use 
the available data to estimate the 
minimum fuel requirements in a sys- 
tem in which no heat is retained be- 
hind the combustion zone. This can 
be done by assuming that all of the 
heat stored in the rock as the mov- 
ing source reaches and passes a given 
radius will be transferred instantane- 
ously by the flowing air stream back 
to the combustion front. Thus the 
minimum fuel requirement in such a 
system can be approximated simply 
by subtracting the equivalent fuel 
content of the corresponding volume 
increment of heated rock from the 
residual fuel content calculated from 
the data shown in Figs. 4, 5, 6, and 
7. This has been done for a radial 
thermal system in which k = 1.6 and 
AT = 1,000 and the calculated 
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Fic. 8 — FUEL REQUIRED TO MAIN- 
TAIN A MOVING COMBUSTION FRONT. 
Thermal conductivity: 1.6 Btu/ 
ft hour °F/ft. Combustion front 
1,000°F above Ambient Tem- 


perature. 


curves have been plotted in Fig. 12. 
The values for the residual fuel con- 
tent shown in Figs. 8 and 12 repre- 
sent two extremes of operation. In 
the one case (Fig. 8), it is assumed 
that all of the heat stored in the rock 
behind the combustion front remains 
unavailable for raising the tempera- 
ture of the formation. In the second 
case (Fig. 12), all of this heat is uti- 
lized to the fullest extent. 

As a final illustration of the use- 
fulness of the analog, there is shown 
in Fig. 13 the analog computation 
of the temperature decay in a radial 
formation after a heat source has 
stopped moving. In this problem, the 
combustion front was moved through 
the formation at a constant rate of 
0.353 ft/day to a radius of 40 ft and 
then stopped. This might correspond 
to a system (with heat flow by con- 
duction only) in which air injection 
has stopped because of equipment 
failure. From the slow decay of tem- 
perature shown, it might be con- 
cluded that once a hot zone has been 
well established, re-ignition of the oil 
sand following a prolonged shutdown 
should not be a serious problem. 


This problem is similar in nature 
also to that investigated mathemati- 
cally by Jenkins and Aronofsky.” The 
temperature increase after 840 days 
of 70° F at a radius of 100 ft com- 
pares reasonably well with their theo- 
retical value of 75° F after two years. 


From the above illustrations, it 
would appear that the computed tem- 
perature distribution curves should be 
useful for studying various factors, 
such as the best start-up technique 
and the optimum mode of travel of 
the heat front. It is obvious, however, 
that the simplified mechanism set up 
for the foregoing problems does not 
simulate closely the heat transfer 
process existing in a practical field 
operation. In order to obtain the 
maximum utility from this machine, 
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it would be desirable to modify it to 
include additional factors such as 
heat transfer by the injected air and 
by the movement of hot fluids ahead 
of the combustion front. It seems ap- 
parent that modification of the com- 
puter to study heat transfer by vari- 
ous assumed mechanisms must be 
coordinated closely with results ob- 
tained from laboratory and field ex- 
perimentation. 


CONCLUSIONS 


A design has been presented for 
an electrical analog computer which 
can solve non-steady state heat con- 
duction problems pertaining to an ex- 
tensive radial system containing a 
moving, cylindrical heat source. 

It has been the intent of this paper 
to show the type of problem the ana- 
log computer can be adapted to 
study, and to indicate how its use 
can be integrated with the results 
obtained from laboratory data to in- 
crease our understanding of possible 
field applications of oil recovery by 
thermal methods. A method has been 
shown for using the temperature dis- 
tribution curves obtained with the 
computer to calculate the fuel re- 
quired to maintain a self-propagating 
heat source. 

Inasmuch as the computer design 
presented herein takes into account 
only those heat losses resulting from 
radial conduction, the data should 
not be construed as applying directly 
to field operations. Modification of 
the computer to include other heat 
transfer mechanisms depends pri- 
marily upon an understanding of 
the particular thermal oil recovery 
method being studied. Laboratory 
scale studies of the thermal process 
itself aid in determining the most 
satisfactory mechanism to use. 


Because of the complex nature of 
thermal oil recovery processes, it 
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would appear that continued efforts 
of research workers in many differ- 
ent groups will be required to eval- 
uate the numerous possible ramifica- 
tions in a reasonable time. It is hoped 
that this paper will stimulate the pub- 
lication of other work on thermal 
recovery processes. 
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INIOUMEE 


Thermal units 
R,=thermal resistance, 
°F hour/Btu 
C, = thermal capacity, Btu/°F 
QO. =heat stored in C,, Btu 
q = hourly heat flow, Btu/hour 
AT = rise in temperature of C, 
due to O,, °F 
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Thermal conductivity: 1.6 Btu/ 
fv hour °F/ft. Combusion tem- 
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r. = distance in the thermal cir- 
cuit (radial), ft 
A,, = average cross sectional area 
of each increment Ar,, 
sq ft 
N = number of the element 
(Ar) under considera- 
tion 
time in the thermal circuit, 
hour 


II 


te 


«= Ke = thermal diffusivity, 
cp 


sq ft/hour 

c = heat capacity per unit 
mass, Btu/lb °F 

k = thermal conductivity, Btu/ 
sq ft hour °F/ft 

p = density of formation, Ib/ 
cu ft 

Electrical units 


R. = electrical resistance, ohms 
C. = electrical capacity, farads 
Q. = charge stored in C,, cou- 
lombs 
I = electrical current, amperes 
AV = rise in voltage of C, due 
to Q., volts 
t, = time in the electrical cir- 
cuit, seconds 
r. = distance in the electrical 


circuit (radial), ft 
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be substantially higher near the in- 
jection well. 
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During investigation of this ther- 
mal recovery process, we computed 
fuel requirements by an analytical 
solution of substantially the same 
heat conduction problem. Two cases 
were considered: (1) heat conduction 
from an infinite cylindrical source 
moving radially in an infinite medium 
of constant thermal properties, and 
(2) the same problem with the in- 
clusion of the boundary conditions 
resulting from consideration of the 
ignition wellbore. 


The solutions to Case (1) for a 
burning front velocity inversely pro- 
portional to the radial position of the 
front showed the fuel requirement to 
be entirely independent of position 
of the front. And for the same ther- 
mal conditions assumed by Vogel and 
Krueger, computed results were in 
good agreement with the values from 
the electrical analogy. A fuel require- 
ment of 2.4 Ibs/cu ft was obtained 
as comrpared with 2.3 reported by 
Vogel and Krueger. This establishes 
a direct verification of the electrical 
analog for a moving source. 

A solution for Case (2) at a radial 
position of 0.5 ft indicated a slightly 
higher fuel requirement of 2.7 Ibs/cu 
ft. But this is attributed to the effect 
of the wellbore. 


The analytical solutions mentioned 
above are as follows. 

1. Case (1) — Constant velocity 
of source (77 = Ut’). 


= 
_ (2 + Ut’) 
Anat 7) (t-t’) 
Where 7, is the initial temperature, 


T is the temperature at radius r at 
time t, q is the rate of heat genera- 
tion per square foot of frontal area, 
U is the constant velocity of the 


burning front, k is the thermal con- 
ductivity, ¢ is time, and ?’ is the time 
the burning front is located at radius 
r’, o is the thermal diffusivity, and 
I, is Bessel’s function of the first kind 
of an imaginary argument. If Equa- 
tion 1 is integrated for r = Y at 7, 
the fuel requirements may be found 


from the expression: 
Ib titel 
cubic foot Us 


(2) 


where s is the heat of combustion of 
the fuel. 

2. Case (1) — Velocity of source 
is inversely proportional to the radius 
(r? = 2 Vt). 


_ (P+ ave’) 

2k Y(t — t’) 

where V = Ur’ = constant. . (4) 


The fuel requirements may be found 

by integrating Equation 3 for r = r’ 

at ¢’ and using the expression: 
cubic foot 


3. Case (2) — Wellbore effect in- 


(5) 


te) 
cpV | 
e 
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r r 
Fy 
( x, 
ry 


= v.(=) J,(x) 


In Equations 6 and 7, c is the spe- 
cific heat of the saturated sand, p is 
bulk density, 7, is the radius of the 
wellbore, J, and Y, are Bessel func- 
tions of the first and second kind, 
respectively, of order zero, and x is 

a variable of integration. 
A further refinement of the prob- 


AUTHORS’ REPLY to JENKINS and 


We should like to thank Rodman 
Jenkins and H. J. Ramey, Jr., for 
their pertinent comments. It is grat- 
ifying to see the good agreement re- 
ported between the analytical and 
the analog solutions to the prob- 
lem of determining the fuel require- 
ment in a radial system in which 
the burning front velocity is in- 
versely proportional to the radial 
position. This same agreement has 
been noted by R. G. Hawthorne of 
our laboratory. 

The presentation of the equations 
used in studying the simplified prob- 
lems discussed in the paper serves 
to illustrate the somewhat compli- 
cated nature of analytical solutions 
to heat transfer during thermal oil 
recovery processes. Equations 3, 6, 
and 7 illustrate the complexity added 
to the simple case by considering 
the wellbore effects. In the com- 
puter, wellbore effects are au- 
tomatically taken care of in the 
design of the electrical lumps near 
the wellbore. It would be interesting 
to see the analytical solutions to the 
more complex heat transfer problem 
involving the additional factors of 
vertical heat losses and heat trans- 
fer by the driving gases and con- 
densing fluids. 
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lem treated by authors Vogel and 
Krueger is the consideration of verti- 
cal heat losses. This would require 
the expensive modification of rebuild- 
ing the RC network in two dimen- 
sions, and considering a burning front 
of finite vertical dimension. Vertical 
heat loss can be important to the 
maintenance of self-sustained com- 
bustion when the sand section is thin 
and the well spacing is large. If ver- 
tical heat losses were considered, it 
would also be desirable to account 
for the lower thermal diffusivity of 


In general, analytical solutions of 
this nature are tedious and time con- 
suming unless attacked with modern 
digital computer techniques. In any 
case, considerable expense is in- 
volved in arriving at numerical an- 
swers. It would be of considerable 
value to the industry to have further 
work published on solutions to the 
more complex problems. On_ the 
basis of our present thinking, we 
feel that most such problems can be 
treated somewhat more simply and 
inexpensively by the modification of 
the analog computer. 

Jenkins and Ramey have sug- 
gested that vertical heat losses be 
considered as a refinement to the 
problems treated in the paper. As 
they have noted, vertical heat losses 
can be important when considering 
the problem of maintaining a com- 
bustion front in thin oil zones. We 
believe, however, that the applica- 
tions in which vertical heat losses 
are the controlling factor are likely 
to be the exception rather than the 
rule. For thicker zones there is some 
evidence from analytical studies that 
the effect of vertical heat transfer 
on fuel requirements is considerably 
less than the effect of heat trans- 
fer by injected air (or inert gases) 


the “burned” sand section of the 
reservoir. 

We agree with the authors’ state- 
ment that the data developed by 
them in this paper should not be 
construed as applying directly to field 
operations, inasmuch as the front is 
known to progress over a range of 
temperatures, velocities, and fuel con- 
sumptions in accordance with incom- 
pletely defined rate phenomena oc- 
curring in a reservoir. Many chal- 
lenging problems along these lines 
remain to be solved. 
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and possibly by the flowing liquids. 
The effects of both of these latter 
factors can be studied rather easily 
by inexpensive modifications of the 
analog computer. 

As Jenkins and Ramey have em- 
phasized, radial heat flow conditions 
exist for only 20 to 30 per cent of 
the distance from the injection well 
toward the producing well. At the 
moment, we believe this region to 
require the most critical considera- 
tion when attempting to evaluate the 
feasibility of starting a successful 
thermal oil recovery process. How- 
ever, we feel that a study of heat 
transfer during later stages of the 
process can be achieved through 
relatively simple modifications of 
the computer. It appears that ana- 
lytical solutions involving interfer- 
ence between wells might become 
quite complex. 


It is obvious from a consideration 
of both the comments of Jenkins 
and Ramey and the authors’ reply 
that there is much to be studied and 
learned in this field. Both analytical 
and analog studies can be helpful in 
solving the many problems involved. 
However, as mentioned in the paper, 
their maximum utilization will be 
achieved through correlation with 
laboratory and field studies. nak 
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Radioactive materials were used underground before 
the advent of the nuclear reactor. Radium containing 
ores have been mixed with cements and other materials 
for later location in oil wells by gamma ray logging 
since 1940.’ Perforating bullets have been marked with 
radium salts, and radioactive materials have been added 
to drilling muds to find the cause of “lost circulation.” 
More recently colloidal suspensions of radioactive 
cobalt-60 and silver-110° and solutions of I-131‘ have 
been used in waterflooding operations to determine 
injection profiles, flow paths and water velocities. 

In this paper a recent and interesting underground 
tracer application is discussed. Development work and 
field engineering were carried out under the direction of 
Tracerlab, Inc., with assistance from personnel of the 
client. A gaseous tracer, argon-41, was used in an at- 
tempt to determine the cause of leakage from an under- 
ground gas storage reservoir. 


STATEMENT OF PROBLEM 


This gaseous tracer application was carried out for 
the Natural Gas Storage Co. of Illinois. This company 
has developed an underground gas storage field 1,750 
ft below the surface of the earth near the village of 
Herscher, Ill., about 60 miles south of Chicago. The 
total volume of gas stored in the field was estimated to 
be about 13 billion cu ft in the spring of 1954. The 
field has a maximum estimated storage capacity of 90 
billion cu ft. The gas is contained in the Galesville sand- 
stone, previously a water bearing formation of about 25 
per cent porosity. The water as it is pushed ¢ out by the 
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gas forms a barrier for the gas around the edge of the 
reservoir. Over the top and beneath the bottom of the 
reservoir are located several layers of impervious rock, 
which barring cracks or unplugged and unknown wells 
should act as seals. 

Twenty-one injection and withdrawal wells were 
drilled into the Herscher reservoir and gas injection was 
begun during the summer of 1953. After a few weeks 
of gas injection, evidence of gas leakage was detected at 
the surface; water wells began bubbling and _ losing 
prime, and dry spots in the fields indicated gas leakage 
from uncharted oil wells. In every case, the leakage 
could not be traced back any further than the water 
bearing formations a few hundred feet below the sur- 
face. 

An extensive search was made to locate uncharted oil 
wells which were believed to be possible channels for 
the gas from the storage formation to the water contain- 
ing formation. Long-time residents in the area assisted 
in the location of several abandoned oil wells. The wells 
when located were cleaned out and either used as vent 
wells to relieve the gas pressure in the water formations, 
or were plugged with cement. None of the wells even 
approached depths which would endanger the soundness 
of the storage reservoir. 

All of the injection wells were tested for leaks in the 
casings by conducting neutron surveys and by other 
techniques. 

To detect any leakage up through the cement-filled 
annulus surrounding the casing, a section of the casing 
wall in one well was milled out. Then, plugs were in- 
stalled above and below the cut-out section and pressure 
applied to the annulus, which proved conclusively that 
the cement was sound in that well. The well was then 
plugged with cement and abandoned. In another well, 
ammonia was injected into the well and a temperature 
log was made. It was hoped that a leak would be re- 
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vealed by a temperature rise resulting from heat being 
generated by the ammonia passing through the leak and 
dissolving in formation water. 


At the request of the Natural Gas Storage Co. a de- 
tailed laboratory study was made by Tracerlab to deter- 
mine the feasibility of using radioactive gas tracers to 
locate casing shoe leaks. In the course of the study avail- 
able references were consulted” °. Several gaseous tracers 
were considered, and methyl bromide tagged with bro- 
mine-82* was selected as the best available gamma- 
emitting gaseous tracer. The quantity of tagged methyl 
bromide tracer required was determined. Techniques for 
preparation of methyl bromide were worked out**. 
Then, methods of monitoring water supplies and a 
method of injection were solved. A schematic diagram 
of the setup devised to locate casing shoe leaks is illus- 
trated in Fig. 1. 


After thoroughly satisfying themselves as to the ab- 
sence of any hazards to residents of Herscher, or to 
their own employees, the Natural Gas Storage Co. of 
Illinois decided to proceed with the tests. Arrangements 
were made with the U.S. Atomic Energy Commission 
to obtain the required Br-82. Equipment was shipped 
to Herscher by Tracerlab for synthesis of the methyl 
bromide and for monitoring, and a test program was 
set up. 
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Fic. 1—EQUIPMENT PLACEMENT FOR LOCATING CASING 
SHOE LEAKS BY RADIOACTIVE TRACER TECHNIQUE. 


*Bromine-82 {Br-81 (n, y) Br-82] .55 to 1.31 MEV A a 
35.5 hr half-life. some? y, .465 MEV B, 


**“The methyl bromide was prepared by reacting KBr, H2SO. d 
ROH; distilling overhead the methyl bromide, and aries the 
methyl bromide in a cold trap maintained at —7°C. 
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PREPARATION OF EQUIPMENT 


Because of its short half-life, argon-41;+ had not 
been considered as a tracer for this work. However, 
L. D. Marinelli of the Radiological Physics Div. of 
the Argonne National Laboratory, who had been called 
in as a health physics consultant, suggested that Argonne 
might be able to prepare this isotope for the tests. 
Argonne was able to prepare the A-41, approval for 
this preparation having been obtained from the Isotopes 
Div., U.S. Atomic Energy Commission. Because of its 
chemical inertness, low health hazard, and ease of use, 
A-41 was selected for the tests rather than Br-82. The 
two-hour half-life of argon-41 dictated that the com- 
plete operation, from obtaining the argon-41 from the 
reactor to its injection into each well, must be car- 
ried out on an exacting time schedule. 

Irradiation capsules with a 90 cc volume were con- 
structed of aluminum. A chamber for filling the irradia- 
tion capsule with stable argon and for removing the 
radioactive argon was constructed as shown in Fig. 2. 
The method of filling the capsule was as follows: 

The capsule, with the screw cap loose, was placed 
in the chamber. By manipulation of valves, the cham- 
ber and capsule were successively evacuated and then 
filled with 15 psig of argon four or five times. After 
the final filling of the capsule with argon the pressure 
was dropped to atmospheric and the capsule cap tight- 
ened. The capsule was checked for leakage by placing 
it in boiling water and observing if bubbles formed. 

The capsule containing the argon was placed in the 
CP-5 reactor at the Argonne National Laboratories. It 
was subjected to a flux of 2.3 x 10” thermal neutrons 
per cm’/sec for an irradiation time from 12 to 16 hours 
(overnight), which produced approximately 1,600 mc 
of argon-41. The reactor was shut down at 8:00 a.m. 
and the irradiated argon was removed after a 15-minute 
cooling off period which permitted decay of the 2.4 
minute A1-28. 

The capsule in a 350-lb lead shield was transported 
by automobile to the Herscher compressor station. The 
radioactive argon was transferred to the injector (Fig. 
3) in a hood by placing the irradiation capsule (after 
removing the screw cap with a long handled tool) into 
the chamber which was used for filling the capsule. The 
injection tank, having previously been evacuated, was 
connected to the chamber through a manifold as shown 
in Fig. 2. Four in. of lead shielding were placed around 
both the chamber and injection tank. By opening the 
injection tank valve, the radioactive argon was drawn 
into the tank until the pressure equalized. The tank 
valve was then closed and the chamber pressured to 
15 psig with stable argon gas. These operations were 
repeated until a survey meter located near the injection 
tank ceased to indicate an increase in radiation. The 


TABLE 1 — TYPICAL SCHEDULE WITH RADIOACTIVITY VALUES FOR EACH 
OPERATION 
Quantity of A-41 
Operation Time Present 
Remove argon-41 from reactor 8:15 am 1470 mc 
Injector and Detector in Position 12:00 pm (noon) 356 me 
Injection timer opens ‘alve to 12:30 pm 286 mc 


release tracer 


Injection timer closes valve 12:40 pm (186 mc injected) 
Test conclusion — 5:30 pm 43 mc total 
Withdraw injector (27 mc injected 
16 mc in tank) 
24 hours after injection 12:40 pm -0147 me total 
(next day) .0093 mc injected 


.0054 mc in tank 


tArgon-41 [A-40 (n, y) A-41] 1.87 MEV y, 109 minute half-life. 
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Fic. 2 — LABORATORY SETUP FOR TRANSFER OF RADIO- 
ACTIVE A-41 To GAs INJECTOR. 


injection tank was then pressurized with stable argon 
to 2,000 psig. At the time of transfer, the activity of 
the empty capsule was estimated to be over 1 curie 
due to the impurities in the aluminum (principally cop- 
per-64, 12.88 hour half-life), even though the purest 
available commercial aluminum was used for capsule 
fabrication. 


LEST, PROCEDURE 


The injection apparatus shown in Fig. 3 comprised 
a 12.3 cu ft, 2,000 psi tank, a pressure regulator which 
determined the injection flow rate, and a timing mech- 
anism which opened and closed the release valve at 
predetermined times. 

The base of the well had been enlarged to present 
more formation area to the injection gas, as shown in 
Fig. 1. This space was packed with gravel to conserve 
the radioactive gas and support the injector. The injec- 
tor, containing the radioactive gas, was lowered to the 
base of the casing shoe in the injection well by use of 
a shooters hook. At the bottom of the well, the shoot- 
ers hook was released from the injection apparatus and 
withdrawn from the well. A gamma ray detector (3-in. 
diameter by 3-ft long high-pressure ionization cham- 
ber) was lowered into the well and set at the elevation 
where the indicated radiation level was about one-third 
to one-half scale due to direct radiation from the injec- 
tion tank (approximately 12 ft above the injector). The 
arrangement of the detector and injection apparatus 
within the well is shown in Fig. 1. The gas flow into 
the well was regulated to restrain the radioactive gas, 
when injected, from flowing upwards in the well. 

At the time of injection, the radiation level at the 
detector decreased, indicating that the radioactive gas 
was moved from the injection tank down to the base 


of the well. Since the well pressure was approximately 
700 psig and the tank pressure was 2,000 psig, only 
two-thirds of the radioactive gas could be injected. 


A typical schedule with radioactivity values for each 
operation is given in Table 1. 


The radiation level approximately 12 ft above the 
casing shoe was recorded for a minimum of four hours 
after injection. At 30 minutes and at 60 minutes after 
injection, the radioactive gas was brought up to the 
detector by venting gas from the well through a positive 
displacement meter. As soon as the radiation level at 
the detector indicated that the radioactive gas was up 
to the detector, a sufficient amount of gas was metered 
into the well to move the radioactive gas back to the 
bottom of the casing shoe. 


It was found that very small gas leaks in the well 
casing or out the top of the wellhead could be quan- 
titatively measured by timing the uphole movement of 
the radioactive gas. In several instances (with all known 
gas inlet valves closed) the radioactive gas was found 
to move down in the well. This indicated a down hole 
flow in the well, caused by leakage through the valve 
used to isolate the injection well from the gas injection 
line. 


Three hours after injection of the tracer, the radio- 
active gas was drawn 150 ft up the casing by venting 
gas from the well. A volume of gas twice the quantity 
of the vented gas was then injected into the well. This 
procedure was followed to assure that the volume of 
radioactive gas was sufficiently large to fill the cavity 
at the base of the well and to increase the probability 
of the tracer moving up any shoe leak. At the time of 
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venting the gas, about 30 mc of released A-41 remained 
in the well. This amount was sufficient to give a read- 
ing more than seven times full scale when the gas 
flowed past the detector. 

At the conclusion of each test, a complete gamma 
ray log was made of the well. This log was compared 
with a background log made before the radioactivity 
testmg program in order to check for new radiation 
abnormalities. 

Even though the radioactive gas was mixed with 150 
linear ft of casing gas, some question still existed as 
to whether the volume of radioactive gas was sufficient 
in size to assure that some of the tracer would reach 
any leak. To dispel this doubt several wells were tested 
by mixing the radioactive argon with 500 linear ft of 
casing gas, and in other wells the radioactive gas was 
mixed with a full length of casing gas, 1,750 ft or 
approximately 600 cu ft at 700 psi for the 8-in casing. 

To assure a relatively even mixture of gas throughout 
these large volumes, a controlled mixing system was 
devised. The radioactive argon was injected at the top 
of the well by using a purge bottle in place of the 
injector. A metering arrangement as shown in Fig. 4 
permitted regulating the ratio of radioactive gas to 
natural gas. An added advantage of this method of 
introduction was that a larger percentage of the radio- 
active argon could be injected into the well. 

Prior to injecting the radioactive argon into the well 
the gamma ray detector was lowered to a level 5 ft 
above the casing shoe. The radiation level at the detec- 
tor was above full scale throughout the passage of the 
full casing length of gas. 

In the tests where the down-hole injector was not 
used, it was possible to log completely to the bottom 
of the well with the gamma detector. In two instances, 
a high radiation level was observed a few feet above the 
bottom of the casing shoe. In both cases where the 
radioactivity was indicated behind the casing it was 
noted by a study of core samples and elevation data 
that the casing shoe extended into the porous formation 
a few feet rather than terminating at the bottom edge 
of the cap rock as it should. The radioactive gas was 
apparently trapped behind the casing just below the 
cap rock. 


CONES 


All 20 operating injection wells were tested once; 
one well was tested twice; one well tested three times, 
and the well most suspected of leaking was tested five 
times. No indication of leakage was observed in any 
of the wells. Sufficient information was obtained by 
the tests to conclude that there was no leakage up 
through the casing annulus in the vicinity of the casing 
shoe. The loss of gas from the reservoir was apparently 
occurring elsewhere than at the casing shoes. 

The 27 tests were carried out over a period of 314 
months. Most of them were conducted at a rate of three 
tests per week. A total of over 40 curies of argon-41, 
and nearly as much activity in the aluminum capsules 
was handled under field conditions. The radiation ex- 
posure experienced by the field engineers handling the 
radioactivity was under 10 mr per test. The presently 
accepted tolerance level is 300 mr per week or 50 mr 
per day. 
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A_ practical analytical method is developed in this 
paper which provides the practicing reservoir engineer 
with a handy method for. analyzing oilfield interference 
problems. The procedure employed entails the principle 
of superposition of individual effects. A set of charts 
has been developed and can be used to evaluate the 
individual effects. The charts represent non-steady state 
pressure distribution in an extensive aquifer due to a 
constant rate of production from an oilfield which 
can be approximated by circular geometry; they are 
constructed from solutions to the diffusivity equation 
considering a circular sink as distinguished from a point 
sink. The solutions are obtained partially from math- 
ematical considerations and partially from analog and 
digital computations. 

By virtue of the method of images, the charts can 
be used also to treat the case of production near a 
fault. In addition, provisions are made for treating oil 
fields, which are produced by partial water-drive. 

Treating an actual field case is deferred to a sub- 
sequent writing; however, illustrative example is pre- 
sented to demonstrate the method of application. 

The pressure distribution in linear and limited radial 
aquifers is currently under study. 


LON 


With the increasing difficulty of discovering new oil 
reserves, attention is necessarily focused on the efficient 
development and production of existing reservoirs. Effi- 
cient production depends on the availability of reliable 
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means for predicting the pressure-production behavior 
of oil fields. The prediction is usually performed by 
analytical methods or computers. Analytical methods 
are often limited to systems which can be approximated 
by simple geometry. However, analytical methods have 
the distinct advantage of being readily performed with- 
out special equipment. Analog and digital computers 
lend themselves to a variety of problems, but are not 
always locally available and consequently their use is 
limited. 

One particular situation in which analytical tech- 
niques are needed involves studies of multiple, water- 
drive oil fields sharing a common aquifer. Such oil fields 
are in hydrodynamic communication. Therefore, pro- 
duction from any of the oil fields is accompanied by 
a pressure decline which is transmitted through the 
aquifer to the other oil fields and manifested as pres- 
sure interference. The rate of propagation of the pres- 
sure decline is such that the pressure may be signif- 
icantly reduced many miles away from a producing 
pool. An example of pressure interference is found in 
the Woodbine formation in East Texas. There, a dozen 
or more pools, including several of major size, draw 
on the Woodbine formation for water drive. The pres- 
sure in the water-bearing portion of the formation has 
been significantly reduced over an area of several thou- 
sand square miles. This reduction of pressure has been 
such that when the Hawkins pool was discovered in 
1940, the pressure in it had already been reduced 280 
psi below the initial value in the aquifer. This resulted 
from prior production from other Woodbine sand pools, 
including, in particular, the East Texas field some 20 
miles to the east of Hawkins." 


The above example indicates that the interference 
effect can be significant and should be taken into con- 


1References given at end of paper. 


sideration in predicting the pressure-production behavior 
of oil fields in a common aquifer. This preblem is be- 
coming more important because of the increasing fre- 
quency of its occurrence. In addition, it usually con- 
cerns more than one operator, in which case unitization 
may be deemed desirable. 


Analog comptters have been used successfully to 
treat this type of problem**, but such computers are 
not always available to practicing reservoir engineers. 
In view of this, a practical analytical method has been 
developed and is presented in this paper. It provides 
the practicing reservoir engineer with a handy tool for 
analyzing oilfield interference problems. 


PRELIMINARY CONSIDERATIONS 


SUPERPOSITION THEOREM 


The procedure employed to treat oil fields in inter- 
ference entails the principle of superposition. Math- 
ematically, the superposition theorem*’ states that the 
linear combination of particular solutions to a linear 
and homogeneous differential equation is a solution to 
the differential equation. The superposition theorem is 
a useful tool for treating systems upon which involved 
boundary conditions are imposed. The general solution 
is the summation of the particular solutions obtained 
by treating one boundary condition at a time. 


The transient flow of compressible liquid in a uni- 
form porous matrix is described by the diffusivity equa- 
tion, which is linear and homogeneous and therefore is 
subject to superposition. It follows, that the performance 
of multiple oil fields in a common aquifer can be 
evaluated from the separate solutions obtained by deal- 
ing with one field at a time. In essence, if the pressure 
change associated with producing each and every field 
were computed individually (i.e. ignoring the presence 
of all oil fields but one) for a time instant, t, and at 
some arbitrary point in the reservoir system, then the 
total pressure change at this point and time instant is 
given by the sum of all individual changes. For that 
matter, the arbitrary point may well be the effective 
center or any other appropriate point in an oil field, 
and the time instant may represent some assigned future 
date at which it is desired to predict the behavior of 
the system. 

For illustration, assume two oil fields, A and B, 
located in a common aquifer. Producing oil field A is 
accompanied by a pressure change in A and a relatively 
smaller pressure change in B. Similarly, producing oil 
field B is accompanied by simultaneous pressure changes 
in B and A. 


Let P,, = pressure change in A due to A’s production, 

a» = pressure change in A due to B’s production, 
and define similarly P,;,, and P,,. Then the total pres- 
sure change in A, 


Bag 
and the total pressure change in B, 


Ps, Ppa, and similar terms will be labeled hereafter 
“interference pressure change,” as distinguished from 
P,,, Py», and similar terms which represent the pressure 
change in an oil field due to its own production. 

The pressure change terms depend on the rates of 
production and the physical characteristics of the res- 
ervoir system. The case of an extensive aquifer is 
treated by solving the diffusivity equation. The solu- 
tion represents the pressure distribution in the reservoir 
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system and permits the evaluation of the individual 
changes. 


METHOD OF IMAGES 

The aquifer mentioned earlier was assumed exten- 
sive. As a modification, it is proposed to consider the 
case of an oil field located in an extensive aquifer, one 
side of which is limited by a straight extensive fault. 
In this case the benefit derived by the oil field from the 
aquifer is curtailed by the presence of the fault, and 
the resulting effect can be expressed as pressure inter- 
ference. This situation is usually referred to as pro- 
duction near a fault’ and is treated as a special case of 
oilfield interference by applying the method of images.’ 


A fault is defined here as a boundary perpendicular 
to which no flow will take place. This fact can be rep- 
resented analytically by placing a mirror image of the 
oil field in offset position and assuming the image to 
be produced in a manner identical to the oil field. The 
mirror image represents a fictitious oil field which is 
placed symmetrically with respect to the fault. This 
procedure reduces the component of flow perpendicular 
to the line of symmetry to zero and therefore fulfills 
the boundary condition required by the fault. The prob- 
lem is thus transformed to a simple case of interference 
between two identical oil fields located in an extensive 
aquifer. The pressure change observed at the oil field 
will be the sum of the effects of the oil field and its 
image. Evidently, the effect of the image will be small 
in the early life of the oil field and will grow larger 
with time, depending on the distance between the oil 
field and the fault. 


ASSUMPTIONS AND LIMITATIONS 


Before proceeding to the solutions of the diffusivity 
equation, it would be advisable to review some charac- 
teristics of reservoir systems to be treated in the fol- 
lowing sections of this paper. The reservoir system is 
assumed to consist of an extensive aquifer in which a 
number of oil fields are located. It is subject to the 
following definitions, assumptions, and limitations. 


AQUIFER CHARACTERISTICS 


1. An extensive aquifer is defined as an aquifer, the 
exterior boundary of which is sufficiently removed from 
the oil fields that it does not influence their perform- 
ance during the period of analysis. For all practical 
purposes, this assumption is valid for an aquifer having 
a size about 600 times that of the largest oil field® in 
the reservoir system. 


2. In applying the method of images to treat the 
problem of production near a fault, the aquifer is as- 
sumed extensive and bounded by a straight fault. This 
aquifer is represented geometrically by an infinite half 
plane and the assumption is justified on condition that 
the size of the aquifer is about 300 times that of the 
oil field and the length of the fault is about 25 times 
the field’s effective diameter. 


3. The compressibility coefficient, which is defined 
as the sum of the water and the rock effective com- 
pressibilities, is assumed constant and independent of 
the pressure. Note that while in the following analysis 
only the expansion due to the water compressibility is 
taken into account explicitly, superposed effects due to 
the compressibility of the rock, which may be appre- 
ciable, readily fall within the scope of the analysis. For 
it may be shown’ that if the porous medium, as well as ~ 
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tne entrained fluid, be considered as compressible, the 
diffusivity equation remains unchanged, except that the 
compressibility coefficient is to be considered as the 
sum outlined above. 


4. The porous matrix is isotropic and uniform with 
respect to permeability, porosity, and thickness. 


5. All flow through the aquifer is macroscopically 
laminar, two-dimentional, and in a horizontal plane. 
Thus, the flow is governed by Darcy’s law and the 
effects of gravity are neglected. 


OILFIELD CHARACTERISTICS 


1. Each oil field is considered as a “ring” of produc- 
tion with influx equal to the water influx into the field 
and with pressure equal to the pressure at the original 
oil-water interface. A “ring” of production is used to 
imply a circular sink, as distinguished from a point 
sink, and represents an oil field the areal configuration 
of which can be approximated by a circle. Note that 
radial flow obtains when the effect of each field is con- 
sidered individually. 


2. The rate of water influx is equal to the production 
rate, provided that the expansion of the oilfield fluids 
and rock resulting from pressure changes is negligible. 
If this assumption were not justified, reliable predictions 
could be achieved by employing an iterative scheme as 
shown in a following section. 


3. The interference pressure drop computed at the 
effective center of an oil field represents the areal aver- 
age pressure drop, if the oilfield radius were small, 
and/or the distance between the oil fields were large. 
If neither condition were satisfied, the interference pres- 
sure drop should be calculated for more than one loca- 
tion in the oil field. The number of locations depends 
on the desired degree of accuracy. 


The above assumptions should not imply that actual 
oil fields are strictly circular and that aquifers possess 
isotropy and uniformity. However, these assumptions 
provide a convenient approximation for many actual 
systems. The ensuing results, as evidenced by past 
experience, will give good estimates even when applied 
to systems that deviate considerably. 


SOLUTIONS OF DIFFUSIVITY EQUATION 


The individual components required to evaluate the 
total pressure change are obtained from solutions of 
the diffusivity equation considering one ring of produc- 
tion. The diffusivity equation describes non-steady state 
flow of a compressible liquid in uniform porous media 
and is derived® by combining Darcy’s law with the 
continuity equation. By dealing with one ring of pro- 
duction at a time, radial flow obtains and the diffusivity 
equation takes the form 


or r or k ot 
where f, k, « and C,, represent porosity, permeability, 
water viscosity and compressibility, respectively. The 


fuc 


term a represents the diffusivity of the aquifer and 


(1) 


is advantageously eliminated by introducing dimension- 
less time, t, pressure change, P(r, ft) and radius, th such 


*See Letter Symbols for Reservoir Engineering, J. Pet. Tech., 
Jan., 1955, 38. Symbols not included in above mentioned list are 
explained in Nomenclature. 
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that, 
= 6 » » 6 


where r,, is the radius of the ring of production and 
represents the effective radius of the oil field. Equation 1 
then becomes 

oP 1 


or or 

The pressure change in an oil field due to its own 
production (Ps., Pm, ... etc.) is obtained by solving 
Equation 5 for r = 1 and has been treated by Van 
Everdingen and Hurst.” The interference pressure change 
(Px», Poa, ... etc.) in an oil field due to producing an 
adjacent oil field is obtained by solving Equation 5 for 
r equal to the dimensionless distance between the cen- 
ters of oil fields. 


The solution of Equation 5, for all practical values 
of r and ¢, is developed in this paper for the constant 
rate case and the following boundary conditions: 
(1) P(r, 0) = O indicating uniform initial pressure 
over the entire aquifer; (2) P(r, t) > 0 asr > ow, 


indicating an extensive aquifer; and @y( = )- = all 
r 


ro. 


indicating a constant volume rate of water influx or 
27k/ per unit thickness. 


This solution represents the pressure distribution, 
P(r, t), in an extensive aquifer due to a ring of con- 
stant “production. Once P(r, t) is obtained for a con- 
stant rate of production, it can be easily computed for 
any rate which may vary with time. Again, this is 
accomplished by the superposition theorem. It will be 
demonstrated in the following section of this paper. 

The above-mentioned solution is treated explicitly in 
the Appendix. The solution is obtained partially from 
mathematical considerations employing the Laplace 
transform and the concept of a continuous point sink 
and partially from analog and digital computations. The 
former provide accurate expressions of P(r, t) for 10° 
> t > 500. However, in treating oil fields (in which 
case r, can have a large numerical value) the value of 
t can be easily less than 500 even for large values of 
absolute time, ¢. Therefore, analog and digital com- 
puters were used to bridge the gap between t = .O1 


and 500. 


Analog computation was performed by the use of a 
resistance-capacitance type analyzer. Digital computa- 
tion was accomplished by translating the diffusivity 
equation into a set of difference equations which were 
solved simultaneously with the aid of a digital comput- 
ing machine called “Datatron.” The digital computation 
provided values of P(r, t) which are accurate to three 
decimal places. This is adequate accuracy considering 
the degree of uncertainty associated with most prop- 
erties of reservoir systems. 


The solution of the diffusivity equation for the con- 
stant pressure case was treated by Andrew Gemant”, 
for the following boundary conditions: (1) P(r, 0) = 0, 
indicating uniform initial pressure over the entire 
aquifer; (2) P(r, t) — 0 as r > o, indicating an ex- 
tensive aquifer; and (3) P(1, t) = 1, indicating con- 
stant unit pressure drop at r = 1. 

The rate of water influx asociated with this set of 
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boundary conditions was discussed in detail by Carslaw 
and Jaeger’, and Van Everdingen and Hurst.” 


PRACTICAL CONSIDERATIONS 


Values of the dimensionless pressure change, P(r, t), 
for unit rate of water influx are presented in graphical 
form. Figs. 1 to 3 cover the ranges of ¢ from 
10° to 10° and r from 1 to 64. These include essen- 
tially all ranges of r and ¢ encountered in practice. Val- 
ues of P(r, t) for 10° > ¢ > 10° and r > 64 can be 
accurately calculated from Equation 9 of the Appendix. 
The charts are readily used to evaluate the pressure drop 
at any point in an extensive aquifer due to some pre- 
scribed rate of oil production.* Presenting the charts 
in dimensionless form permits the evaluation of the 
pressure drop for any reservoir system independent of 
its physical characteristics, but within the limitations 
outlined earlier. 

If at zero-time the rate of production of an oil field 
A, of radius r,,, were some value q, then the pressure 
drop at its boundary over a period of time ¢ is given 
by the relation, 


*For water-drive reservoirs the rate of oil production is equal to 
the rate of water influx plus the rate of expansion of hydrocarbon 
content. The rates of oil production and water influx will be used 
interchangeably hereafter, since one is easily converted to the other. 


= = (qa) PCI, t), 


and the interference pressure drop in an adjacent oil 
field B is given by, 


LL, 
= P(x Frat) = 887-6 (da) t). 
Where is the equivalent of f, 


= (4.56) (10° 


and r, is the distance between the centers of A and B 


in multiples of 7... The variables in these and the fol- 
lowing equations are expressed in units common to oil- 


field usage. Thus, 

= pressure change in psi, 
. = viscosity in cp, 


v 
| 


| 


= permeability in md, 
h = thickness in ft, 
t = time in days, 
f = porosity, fraction, and 
A = oilfield area in acres. 


water compressibility vol/vol/psi, 
q = production rate in reservoir B/D, 
k 


Furthermore, if during the period of interest, ¢,, the 
production rate of A varies, then the pressure drop in 


eax the sum of the water and rock effective compressibilities. 


“*In ease the rock compressibility is appreciable, Cw should repre- 
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psi at any point in the aquifer is given approximately 
by the sum 


P(r,t,) = 


where f¢, represents time instants t2...¢t,) and 
qa(t,;) represents average production rate during the 
time interval f,-; to 


Inserting the proper values of r and the corresponding 
values of P(r, t) in Equation 6, gives the pressure drop 
in A and the interference pressure drop in B due to 
production from A. The same approach is employed to 
yield the effects of production from B, thus obtaining 
the total pressure drop in A and that in B. This proce- 
dure is used to predict the pressure behavior of two 
oil fields in a common aquifer for preassigned produc- 
tion schedules. 


Let it be required to predict the pressure-production 
behavior of oil fields A and B if A’s production and 
B’s pressure were preassigned and denoted by q, (ft) 
and P, (t), respectively. The procedure in this case 
consists of evaluating the pressure drop in A and that 


duction, is determined next and equals the preassigned 
pressure drop, P,(t), less the pressure drop at B due to 
qa(t). Once Py, (ft) is determined as a function of time, 
the cumulative production from B is predicted from 
the following equation: 

Os(tn) = 


II 


= Psp (ti) Q(t ti) 
i=0 
The variables in this equation are expressed in units 
common to oilfield usage and Q is dimensionless water- 
influx term for unit pressure drop at r = 1. The appli- 
cation of Equation 7 was illustrated by A. T. Chatas™ 
with the aid of Van Everdingen and Hurst’s” constant 
pressure solution. The rate of production from B, qgz(t), 
it then used to evaluate P,,(t) by employing Equation 
6. The sum of P,,(t) and P,,(t) gives the total pressure 
drop in A. 

Another combination arises if the pressure drop in 
both A and B were preassigned and denoted by P(t) 
and P,(t) respectively. To predict the rate of produc- 
tion of each field, it is necessary to resolve the total 
pressure drop in each into the components, P,,(t), 
P(t), Pry (t) and Py.(t), which are related by the fol- 
lowing four algebraic equations: 


in B due to q, (t) by using Equation 6 as pointed out CS) 
earlier. The pressure drop at B, Py, (t), due to its pro- P(t.) = 
2 ix10> 
1X10 1X10 
/ Ae 
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No 


Pav(ta) = 
= 
1 


i=0 

P (r, t) is dimensionless pressure drop in the aquifer 
resulting from unit pressure drop in oil field, and can 
be obtained from Andrew Gemant’s” constant pressure 
solution. Inserting n 1 permits the evaluation of 
P,.(t,) and Pz»(t,). This step entails solving four alge- 
braic equations in four unknowns. Similarly inserting 
n = 2, 3, 4... gives values of P,,(t) and P,,(t) for 
all time instants. The production rate of oil field A is 
then predicted from P,,(t) and Equation 7. Similarly 
Pz,(t) is used to predict the production rate of B. 


The above analyses are readily extended to cover 
multiple oil fields in a common aquifer, and are sub- 
ject to the following considerations: 


1. It was tacitly implied that the rate of water influx 
and the rate of production in reservoir barrels are equal. 
In case this assumption is not justified, more accurate 
predictions can be obtained by employing an iterative 
scheme. The procedure outlined earlier is used first to 


yield preliminary predictions. Then, the rate of water- 
influx is calculated from the preliminary predicted pres- 
sure and material balance equations, taking into account 
the compressibility of the oilfield contents.* The water- 
influx rates thus obtained replace the production rates 
in the above analysis to secure more accurate predic- 
tions. 

2. The rate of production and the pressure drop may 
be represented by a stepwise variation as a function of 
time, provided that the step intervals are not taken to 
be too large. 


LL LUS TRATAVIESE 


In the present paper no attempt has been made to 
apply this method on an actual field case. However, 
an illustrative example is presented to demonstrate the 
methods and procedures to be followed in the solution 
of typical interference problems. It is planned to apply 
this method to actual field cases; these results will be 
presented in a later paper. 

Consider the case of a reservoir system comprised 
of two oil fields, A and B, which are located in an 
extensive aquifer and the distance between their cen- 
ters is 7.98 miles. A and B enclose 2,000 and 8,000 
acres of surface area, respectively, and are produced 
under complete water drive. The pressure-production 


*This includes oil, gas, connate water and rock compressibility. 
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history of these fields, given in three-month increments, 
is shown in Figs. 4 and 5. Note that field A has been 
produced for the past four years and field B for the 
past two. The original pressure in the reservoir system 
was 4,000 psig, while the current pressure is 3,219 
and 3,220 psig in A and B, respectively. The system 
is further characterized by the following physical prop- 
erties; 


2 f = 0.22 
h = 84 ft, B = 1.15 bbl/STB 
Cy = 5.0 X 10° per psi, yp. = 0:30'cp 


Let it be required to predict the pressure in both 
fields if A were produced with the present rate of 75,000 
and B at 120,000 STB/D. 


If the contribution of the oil compressibility to the 
energy of the system is neglected, and if it is assumed 
that every reservoir barrel of crude oil removed from 
the oil fields is replaced by a reservoir barrel of water 
from the aquifer, then the problem may be solved 
directly by utilizing Equation 6. 

Since p, B, k, h, and gq are known quantities, only 
the dimensionless pressure change terms must be deter- 
mined to solve the problem. This is done by first cal- 
culating the appropriate dimensionless time and radius 
and then locating the corresponding dimensionless pres- 
sure-change in the charts. Note that the numerical val- 
ues of the time, ¢, and consequently the dimensionless 
time, t, are always referred to the discovery date of the 
oil field under examination. The predicted performance 
is shown in Figs. 4 and 5. 


As a sample calculation of the former step the pres- 
sures eight years hence are determined as follows: 
Field A: 

t, = 12 years = 4,383 days 
7 kt, 
t, = (4.56) (10 ) FCA = 
(4.56) (10%) (212) (4,383) 
(2,000) 
= 642.0 
r= 7.98 miles 


2,000 
= = .997 miles 


= 


997. 


TABLE 1 — CALCULATION OF PRESSURE CHANGES IN OILFIELDS A AND B 
DUE TO PRODUCTION FROM OILFIELD A 


P(1,642 — P(8,642 — 


days : STB/D dimensionless time Pressure Change 
0 14,000 0.0 642.0 3.64 157 
90 10,000 13:2 628.8 3.62 1.56 
181 5,500 26.5 615.5 3.61 1255 
273 10,500 40.0 602.0 3.60 1.54 
365 12,000 588.5 3.59 1553 
455 — ,500 66.6 575.4 3.58 a2 
546 15,500 80.0 562.0 3.57 1.51 
638 4,000 93.4 548.6 3.56 1.50 
730 4,000 106.9 535.1 3555 1.49 
4383 642.0 


Substituting these values in the following equations, 


P,, = (887.6) 


P(1,642-t,) 


VOL. 204, 1955 


(O33 0) 


(887.6) (212) (84) (ties) — qa(ts) 
P(8,642-t, ) 
Yields P,, = 739.5 psi 
Peg psi 
Field B: 
t, = 10 years = 3,653 days 
kt 
= (4.56) (10° = 
) (10 
(4256) 
(.22) (.30) (5X10°) (8,000) 
= 1338 
r = 7.98 miles 
8,000 _ 
= 1.994 miles 
7.98 


TABLE 2 — CALCULATION OF PRESSURE CHANGE IN OILFIELDS B AND A 
DUE TO PRODUCTION FROM OILFIELD B 


days TB/D dimensionless time Pressure Change 
0 20,000 0.0 133.8 2.86 1.49 
90 18,000 3.3 130.5 2.85 1.48 
181 14,000 6.6 127.2 2.83 1.46 
273 19,500 10.0 123.8 2.82 1.45 
365 18,500 13.4 120.4 2.81 1.44 
456 — 6,000 16.7 7s) 2.80 1.42 
547 27,000 20.0 113.8 2.78 1.41 
639 8,000 23.4 110.4 1.40 
731 1,000 26.8 107.0 2.75 1.39 
3653 133.8 


Substituting these values in the following equations, 


(0.30) (1.15) 
2a (212) (84) 4 


Pr» = (887.6) 
P(1,133.8 


(0.30) (1.15) 


(887.6) (212) (84) (tits) — 
i=0 

= 

Yields Py, = 925.7 psi 


Pay = 475.4 psi 
Thus, total pressure drop in A.= P;, Ps, = 1152149 
psi, and 
psi 


E, = Exponential integral. 

K, = Modified Bessel function of the second kind 
and nth order. 

P,, = Pressure drop in oilfield A due to its produc- 


tion. 


Ps, = Interference pressure drop at oilfield A due 
to producing oilfield B. 


P, = Total pressure drop in oilfield A. 
P(,,t) = Pressure drop at radius, r, and time, f. 
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= Dimensionless pressure drop at dimensionless 
time ¢ and radius r. 

q(t) = Production rate of oilfield A at time tf. 

Radius of oilfield A. 


= Dimensionless radial distance, equals— . 


w 
r, = Dimensionless distance between centers of oil- 


fields A and B in multiples of ra. 
t = Dimensionless time, equals kt/fuC\r.. 


V = Dimensionless potential drop. 
o(r, t) = Reduced pressure, equals p/p;. 
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LAPLACE TRANSFORM AND CONTINUOUS 


POINT SINK 
Laplace transform of P(r, t) is defined as, 
co 
0 


When applied to Equation 5 of the text for the constant 
rate case, it gives 
K,(rV/s) 


K,(V/s) 
Where K, and K, are modified Bessel functions of the 
second kind. For small and large ¢, Equation 2 is sim- 


plified and the ensuing inverse transforms are readily 
evaluated. 


If ¢ is small, the operator, s, is large and K,,(z) is 
reduced to”, 


= 


substituting for K, and K, in Equation 2, it becomes 


—(r 1) vs 


P(r, = (2) 


es, 
~ rs 
The inverse Laplace transform of Equation 3 is’, 
2\V/t r—1 
P(r, t) = (4) 
Vr 
e* 
where terfc x = —= — x erfc x 
T 


(ee) 


D 
and erfc x fe 


x 
ierfe x is readily evaluated from “Tables of the error 
function and its derivative””’. The relation given by 
Equation 4 is accurate for t < .01. 

If ¢ is large, the operator s is small and K,,(z) is 


given by 
1 


where y “Euler’s constant” = 0.57722. Again substitut- 
ing for K, and K, in Equation 2, it reduces to 


P(r, s) (6) 
The inverse Laplace transform of Equation 6 is given 
by Carslaw and Jaeger’, 
1 4t 


4t 
This relation is accurate for ae => 2,000 


Equation 7 is also a solution of the continuous point 
sink for large t. The continuous point sink solution, 


originally developed by Lord Kelvin, is expressed as 


1 
x 7 
4t x 
4t 


The “E,” function is known as the exponential integral 
and its values are given in “Tables of sine, cosine and 


exponential integral’*. For 3 > 2,000 the exponential 


4t 
integral reduces to Jn = — y, and the pressure gradient 
= 


oP 
becomes { 
Jr t> 500 


Consequently, only for t > 500 the continuous point 
sink solution describes accurately the solution to a 
“ring” of production. 

It is evident that the continuous point sink solution 
does not apply for the determination of the pressure 
change when t¢ is small. However, when the radius, r 
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is small, such as a well radius, even small values of the 
absolute time, ¢, will give large values of the dimension- 
less time, ¢, and the continuous point sink is applicable. 
On the other hand, in treating oil fields (in which case 
ry can have a large numerical value) the value of 1 
can be easily less than 500 even for large values of 
absolute time, f. 

In recapitulating, 

= ——=lerfc 

V 2 


r 


vi 
= 


Therefore, to bridge the gap between t = .01 and 500, 
analog and digital computers are used. _ 


1 
LOT 


ANALOG COMPUTATION 


Analog computation based on the fundamental equa- 
tion for flow of electric current in a dielectric medium‘, 
was performed by the use of a resistance-capacitance 
type analyzer. The reservoir system under consideration 
was divided into segments by concentric circles and 
each segment was represented by a condenser and a 
resistance. Constant current, i, was drawn from the 
circuit and the voltage was recorded as a function of 
time for every segment. A sufficient number of segments 
was included in the circuit such that the last condenser 
showed no voltage drop during the time interval of 
interest, thus simulating an extensive aquifer. Because 
of practical considerations, 10 was the maximum num- 
ber of condensers used. The results obtained from the 
analog computer are approximate due to truncation 
error introduced by the limited number of segments 
available in the analog computer used, and the limita- 
tions imposed by the available recording instruments. 


DIGITAL COMPUTATION 


Digital computation was employed to achieve better 
accuracy. The diffusivity equation was translated to a 
set of difference equations which were solved simulta- 
neously with the aid of a digital computing machine 
“Datatron.” Difference equations: 


i 

where ¢ is reduced pressure and p, is initial pressure 
in the aquifer. Substituting Equation 10 in Equation 5 
of the text, it becomes 

Ob OP 

The step-by-step calculations of the pressure change 
were performed on the finite-difference form of this 
equation. Dividing the aquifer by a number, n, of con- 
centric circles and denoting the time stations by m, 
Equation 11 takes the following finite-difference form™” 


lj Pn-1 Pn ar Poti 1 = 
(Au)’ (Au)* m+1 { 
J Po, mts | 
By rearranging the terms and choosing equal Au incre- 
ments, the above equation can be rewritten as 


Let u = Inr, and ¢ = 


2 f + —— dba + buts 
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From the condition of constant rate and Equation 10, 
it follows that 


OU u=0 
and the rate of water influx becomes 


The pressure distribution associated with this rate is 
converted directly to the corresponding pressure change, 
P(r, t), thus 


= 


where ¢,, ts reduced field pressure. From Equation 13 
and Taylor’s expansion we get, 


(Au)* 


2 


Expressine( =) in difference form, Equation 15 


becomes 


4 1 2 
2m ~H 
3 3 3 Au 


By substituting the above relation in Equation 12 for 
n = 1, it takes the form 


m+1 


The computations are based on Equations 12 and 16. 
A technique was followed by which 30 difference- 
equations were set to describe a limited radial system. 
The pressure was computed for consecutive time sta- 
tions 4, . .. up to at which the outer boundary 
showed the first sign of pressure decline. Pressures cor- 
responding to f,.. were used as boundary values for a 
larger radial system. By using this procedure it was 
possible to take small radial increments with a limited 
number of difference-equations. Values of At were 
chosen progressively smaller till the computed values of 
P(r, t) showed no change in the third decimal place. 
The values of P(r, t) thus obtained are accurate to 
three decimal places. This is adequate accuracy con- 
sidering the degree of uncertainty associated with most 
properties of reservoir systems. 

It is self evident that Equations 12 and 16 are suit- 
able to secure the pressure distribution associated with 
a limited radial system for all values of dimensionless 
time, ¢t. One might also add that the solution for the 
constant pressure case is readily computed from Equa- 
tion 12 and an auxiliary equation stipulating constant 
pressure in the oil field. The auxiliary equation is 
given by 


The case where the permeability varies with radial 
distance is being examined by using a modified form of 
Equation 12 to account for the permeability variation. 

It might be well to mention that several attempts 
were made before the solution was perfected to the 
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desired degree of accuracy. Preliminary computations 
were performed neglecting the third term in the right 
hand side of Equation 15, and led to values of P(r, t) 


which included considerable error especially for small t. 


CON CEUSLIONS 


Non-steady state pressure distribution in an extensive 
aquifer due to constant rate of production from a cir- 
cular sink has been developed partially from math- 
ematical considerations and partially from analog and 
digital computations. By virtue of the superposition 
theorem, the pressure distribution provides a practical 
analytical method for evaluating the interference effect 
in water-drive oil fields sharing a common extensive 
aquifer. 

The case of production near a fault is treated by 
applying the method of images. In addition, provisions 
are made for treating oil fields, which are produced 
by partial water-drive. 
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WETTABILITY VERSUS DISPLACEMENT in WATER 
FLOODING in UNCONSOLIDATED SAND COLUMNS 


TRACE 


A series of water floods was made 
on laboratory prepared unconsoli- 
dated sand columns to study the ef- 
fects on oil recovery of the solid- 
water-oil contact angle, the oil-water 
interfacial tension, flood rate, and 
oil viscosity. 

A procedure was developed for 
treating silica sand with silicone pol- 
ymer to produce surfaces of varying 
degrees of wettability as evaluated 
by measuring the contact angle on 
a flat silica plate that had been simul- 
taneously treated with the sand. Fluid 
interfacial tensions were changed by 
the use of surface active agents in 
the flood water. Water-wet, oil-wet, 
and intermediate wettability systems 
were studied at high and at low val- 
ues of interfacial tension, at several 
flood rates, and with oils of different 
viscosities. 

For both oil-wet and water-wet 
systems and a low viscosity oil, re- 
coveries were functions of the oil- 
water interfacial tension; also, in- 
crease in flood rate resulted in in- 
creased oil recoveries. High inter- 
facial tension floods were more effi- 
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cient than low interfacial tension 
floods on water-wet systems, while 
low interfacial tension floods were 
more efficient on oil-wet systems. In- 
termediate or neutral wettability sys- 
tems were less sensitive to rate of 
flood advance and interfacial tension 
than either oil-wet or water-wet sys- 
tems. 


The effects of surface forces on oil 
recovery for high viscosity oils were 
not so well defined as for low vis- 
cosity oils. 


Reservoir rock surfaces vary in 
their wettability’, some being water- 
wet while others are apparently oil- 
wet. The factor of wettability enters 
into reservoir performance in beth 
primary and secondary recovery, and 
into laboratory measurements of cap- 
illary pressure, connate water satura- 
tion, and relative permeabilities.” In 
theory, the degree of wettability is 
measured by the contact angle for 
the system solid-water-oil. A water- 
wet system is defined as one in which 
the advancing water contact angle is 
less than 90°. An oil-wet system is 
one in which the advancing water 
contact angle is greater than 90°.° 


1Ref >rences given at end of paper. 


The surface forces in a solid-water- 
oil system are related by the Young- 
Dupree equation as follows’: 

Ais A,, = Oso — Osw 

These surface forces are common- 
ly expressed as the difference in ad- 
hesion tension, or the product of the 
water-oil interfacial tension and the 
contact angle. If the contact angle is 
less than 90°, the adhesion tension 
difference is positive and oil displace- 
ment by water from a solid surface 
will be spontaneous and favored by 
a high oil-water interfacial tension. 
If the angle is greater than 90° the 
displacement will not be spontaneous 
but will require less energy the lower 
the oil-water interfacial tension. The 
contact angle and interfacial tension 
also appear in the capillary pressure 
equation’: 

The quantity ocos6 was used by 
Rapoport and Leas’ as a factor in 
the generalized form of their “scal- 
ing coefficient.” Warren and Cal- 
houn’ presented the results of scosO 
on oil recovery in oil-wet systems 
and correlated their data using a 
“scaling coefficient” suggested by 
Jones-Parra and Calhoun.* The “‘scal- 
ing coefficients” were advanced to 
help correlate the effects of the va- 
riables influencing oil recovery by 


external drive and specifically to 
clarify the effect of injection rate 
upon oil recovery in laboratory flood- 
ing tests. The effect of increased in- 
jection rate has been reported by va- 
rious authors to increase, to decrease, 
and not to affect oil recovery. Levine’ 
as well as Rapoport and Leas’ cite 
several references as to the effect of 
injection rate on recovery. 

It was the object of this work to 
investigate separately the effects of 
contact angle and interfacial tension 
as measured external to the system 
on oil recovery in water flooding of 
unconsolidated sand columns at va- 
rious injection rates and at different 
oil-water viscosity ratios. The contact 


angle was controlled by treating the , 


sand with silicone to render the sand 
surface to varying degrees of wet- 
tability. Interfacial tension was al- 
tered by the addition of surface ac- 
tive agents to the flood water. 


EXPERIMENTAL PROCEDURES 


MATERIALS 

The flow models were made of 
Lucite tubes 59 cm long, 2.52 cm in 
diameter, and 295 ml capacity. The 
tubes were packed with 80-120 mesh 
silica sand to an average permeabil- 
ity of 11 darcies to oil and average 
porosity of 33.5 per cent. The sur- 
face area of the sand was calculated 
from the porosity and permeability 
by the Kozeny equation” as 452 cm’/ 
gm of sand. 

Oils of three different viscosities 
were used. A decane-dodecane par- 
affinic hydrocarbon, Soltrol C, was 
used in a majority of the experi- 
ments. Two oils of 32 cp viscosity 
but of different interfacial tensions 
against water, and an oil of 265 cp 
viscosity, were also used. Properties 
of the oils are listed in Table 1. 

Tap water of 0.895 cp viscosity 
at the temperature of the experi- 
ments, 25°C, or tap water contain- 
ing dissolved surfactant, were the 
displacing phases. The surfactants 
were Igepal CO-630 and Igepal CO- 
880 from Antara Chemicals, and 
Pluronic F-68 from Wyandotte 
Chemicals Corp. These are non-ionic 
type surfactants but with differing 
degrees of interfacial activity against 
water. 

The silicone used to treat the sand 
surfaces was Dow-Corning DC-1107, 
a 20-40 centistoke viscosity methyl- 
siloxane polymer. 


PROCEDURE 


The sand was treated with a 
known weight of silicone dissolved 
in isoproyl alcohol. Enough alcohol 
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TABLE 1—PROPERTIES OF HYDROCARBONS USED IN WATERFLOOD EXPERIMENTS 


Interfacial Tension 


Specific Viscosity, 25°C Oil-Water Vs. Water, 25°C 
Hydrocarbon Gravity, 25°C Centipoises Viscosity Ratio Dynes/cm 
Soltrol C 0.754 oS 1.46 44 
32 CP Neutral Oil 0.852 32 35.8 16.8 
32 Cp Oil Blend 0.836 32 35.8 34.5 
265 Cp Neutral Oil 0.873 265 296 35.8 


was used to give a thick slurry, about 
200 ml per 1,000 gm of sand. The 
sand slurry was mixed thoroughly 
and after standing overnight, the 
alcohol was removed by vacuum 
evaporation with frequent mixing. 
After removal of the alcohol the 
silicone was set by heating at 150°C 
for two hours. A flat silica plate was 
processed along with the sand. A 
measure of the oil wettability of the 
sand surface was then available by 
measuring the contact angle on the 
silica plate. 

The silica plate was placed in a 
rectangular optical cell and allowed 
to stand overnight under oil. The 
advancing silica-water-oil contact an- 
gle was formed by placing small 
drops, about 2 to 4 mm in diameter, 
of the displacing phase on the silica 
plate. An image of the solid and drop 
was shown on a screen by projecting 
light through the cell and using a 4 
by 5 in. Graphic camera with the 
back removed as a projector. The 
angle between the solid and the 
water-oil interface measured through 
the water was obtained with a pro- 
tractor from the image. Angles were 
measured at two to five minutes, at 
30 minutes, at one hour, and at 24 
hours after the formation of the 
drop. 

Interfacial tensions were measured 
with a DuNouy vernier tensiometer. 
The ring was cleaned by flaming and 
placed in contact with the aqueous 
phase prior to each measurement. 
The ring was pulled from the aque- 
ous phase into the oil through inter- 
faces at 15 to 30 minutes’ age. Read- 
ings were corrected from a curve ob- 
tained by running the surface tension 
of liquids of known value on the 
instrument. Interfacial tension as well 
as contact angle determinations were 
made at approximately 25°C. 

Prior to the flooding experiments, 
the Lucite tubes were packed with 
sand in a standard manner, evacu- 
ated, filled 100 per cent with oil and 
allowed to stand for 18 to 24 hours. 
The oil-filled columns were then 


flooded horizontally at constant rates 
using a quadruplex Milton Roy Mini- 
pump. Fresh sand was used to pre- 
pare a new model for each fkood. Oil 
production was observed visually at 
water breakthrough and periodically 
thereafter until eight pore volumes 
of water had been injected in the 
case of the Soltrol C systems and 15 
pore volumes in the cases of the 
higher viscosity oils. 


EXPERIMENTAL RESULTS 
AND. DISCUSSION 


SURFACE PROPERTIES 


The wettability of the systems 
studied is designated by the value of 
the contact angle. The variation in 
contact angle with silicone treatment 
for the silica, water, Soltrol C sys- 
tem is given in Table 2. The data in 
Table 2 give the average value of 
the contact angle and deviation from 
the average as a result of several 
treatments on each system. Precision 
of measurement of the contact angle 
was within 5°, although in some 
cases the actual deviation from the 
contact angle may have been as high 
as 15°, due possibly to slight differ- 
ences in treatment. The system re- 
ferred to as water-wet consisted of 
untreated sand, the oil-wet system 
was highly silicone treated, whereas 
the neutral or intermediate system 
was given an approximately mono- 
molecular coating of silicone. The 
quantity of silicone required for a 
monomolecular coating of the sand 
was calculated to be 0.0266 mg/gm 
of sand. This value is based on the 
sand surface area calculated from 
porosity-permeability data and 1.7 
sq m as the area occupied by 1 mg 
of silicone polymer.” Contact angles 
ranged from 45 to 160°, as meas- 
ured through the water. 


Contact angle data for silica, sur- 
factant solution, and Soltrol C are 
listed in Table 3. 

The value of interfacial tensions 


are listed with the individual runs 
in Figs. 1 through 7 for Soltrol C 


TABLE 2—SILICA-WATER-SOLTROL C CONTACT ANGLES 


Average Contact Angles, Degrees 


Mg Silicone No. Silicone 

Per Gm Sand Layers 2-5 Min. 
0 0 
0.0125 0.47 62+10 
0.025 0.94 85+10 
0.05 1.88 108+10 
0.10 3.76 140+10 
1.0 37.6 5 


30 Min. 1 Hr. 24 Hrs 
30 28 25+10 
60 58 464+ 6 
82 75 
100 95 90+ 5 
127 127 
157 157. 1542205 
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TABLE 3—SILICA SURFACTANT SOLUTION—SOLTROL C CONTACT ANGLES 


Mg Silicone Surfactant Solution, 

Per Gm Sand Conc. PPM 
ie} 500 CO-630 
0 1000 CO-630 
1000 CO-880 
0 1000 F-68 
0.0125 500 CO-630 
0.025 500 CO-630 
0.025 1000 CO-630 
0.050 500 CO-630 
0.10 500 CO-630 
1.0 500 CO-630 
1.0 1000 CO-630 
1.0 500 CO-880 
1.0 1000 F-68 


Average Contact Angle, Degrees 


2-5 Min. 24 Hrs. 
58+10 25+10 
6010 3010 
3510 2510 
3510 25+10 
War 
7810 64+10 
80+10 65+10 
85410 
140+10 12510 
160+ 5 160% 5 
160+ 5 160+ 5 
160==55 160+ 5 
160+ 5 160+ 5 


and in Table 4 for high viscosity 
oils. Interfacial tensions varied from 
44 to 2.8 dynes/cm in the Soitrol C 
floods and from 35.8 to 1.2 dynes/cm 
for the high viscosity oil floods. 


SOLTROL C FLoops 
Results of oil displacement runs 


on sand columns 100 per cent sat- 
urated with Soltrol C are given in 
Figs. 1 through 7. 

The effect of wettability for high 
interfacial tension floods at a water 
injection rate of 50 ml/hour (ap- 
proximate linear advance of 1 ft/hour 
is shown in Fig. 1. These data sug- 


gest that oil recovery at water break- 
through is not affected by the ad- 
vancing contact angle if it is less 
than 90°. At the flood rate used, 
however, oil recovery after break- 
through was greater for lower values 
of the contact angle. Oil recovery 
decreased at breakthrough for con- 
tact angles above 90° as the angles 
increased. 

Water floods on a water-wet sys- 
tem at four interfacial tensions and 
a 50 ml/hour injection rate are given 
in Fig. 2. These results indicate that 
high interfacial tension floods are 
more efficient than low interfacial 
tension floods on water-wet or un- 
treated system. Interfacial tension 
has an opposite effect on oil-wet sys- 
tems as shown in Fig. 3 where oil 


TABLE 4 — SUMMARY OF HIGH VISCOSITY OIL DISPLACEMENTS 


Scaling Factors * 


Oil-Water Silicone Interfacial Injection At B.T. At 15 Wy 
Flood Viscosity ‘Treatment Tension Rate Contact Angles Res. Oil Satn, % Pore Space LV py Whe 
No. Ratio Mg/Gm Dynes/cm M1 /Hr At B.T. At 15 W; At Water BT 2 Wy 8 Wy 15 Wy Hocos8 
SO 35.8 -0 34.5 10.7 83 53 28.1 a7 14.7 12.6 ll 16.69 3.38 
Sl 35.8 0 34.5 101 83 93 80.5 BY) 34.8 27.0 19.6 157.6 SHS) 
52 35.8 0 34.5 340 83 53 82.9 SV45 36.0 28.0 19.8 $30 107 
53 35.8 0 16.8 10.0 83 53 26.2 25 24.5 24.3 24.0 7.60 1.54 
S4 35.8 0 16.8 83 53 33.4 27.29 26.1 25.0 4.48 
55 35.8 0 16.8 49.8 83 53 67.7 $5 46.2 39.0 25.3 37.83 7.66 
S6 35.8 0 16.8 98.3 83 53 74.1 55 39.1 Sa) 25.0 74.68 LSin18 
35.8 0 16.8 338 83 53 80.2 53. 39)..2 Sere 21.8 257 
538 35.8 0 1.2 10.1 83 53 28.8 25 2202 20.4 18.0 0.548 0.111 
59 39.8 0 doz 25.6 83 53 47.5 38 31.4 27.0 20.5 1.39 0.281 
60 35.8 0 Wee 53.6 83 53 65.4 48 33.8 Zora 1902 2.91 0.589 
61 35.8 0 96.5 83 74.4 93 48.0 47.2 46.0 9.24 1.06 
62 35.8 0 ny 330 83 De 80.4 Sl 44.2 42.0 40.8 7S 3.63 
63 35.8 0.025 34.5 10.4 122 118 35.6 35.0 34.4 34.2 33.0 -0.0031 -0.0035 
64 0.025 34.5 98.0 122 118 -0.0294 -0.0332 
65 3058) 0.025 34.5 341 122 118 85.9 -0.102 -0.115 
66 35.8 0.025 16.8 10.0 118 27.20) -0.0062 -0.00698 
67 35.8 0.025 16.8 50.0 122 118 69.9 94.8 44.7 36.3 27.0 -9.0310 —9.0349 
68 35.8 0.025 16.8 98.6 122 118 96.9 42.1 .34.4 2670 -9.0610 
69 35.8 0.025 16.8 338 22 118 84.0 21.0 -9.209 -0.236 
70 35.8 0.025 9.4 118 37.6 Om -9.0815 -0.0920 
35.8 0.025 48.0 122 118 61.0 S050 2652 -9.416 -9.470 
72 35.8 0.025 98.6 122 118 -0.855 -9.964 
73 35.8 0.025 348 118 54.2 38.2 30.0) (34.0 -3.02 -3.40 
74 35.8 120 34.5 SAS) 162 154 76.9 57.5 48.8 45.0 44.0 -9.0017 -0.0017 
75 35.8 1.0 34.5 92.7 162 154 79.4 53.8 44.0 39.3 35.0 -0.0155 -0.0164 
76 35.8 1.0 34.5 40 162 154 80.9 -0.0571 -0.0604 
77 35.8 1.0 16.8 9.6 162 154 70.8 9326 46.0 4251 5 3802 -9.0033 -0.0035 
78 35.8 1.0 16.8 102 162 154 73.9 -0.0351 -0.0371 
79 35.8 1.0 16.8 340 162 154 76.2 4359 39°53. 33.8 -9.117 -0.124 
80 35.8 1.0 10.0 162 154 66.5 46.5 (3757 (320 2505 -0.0483 -0.0511 
81 35.8 1.0 1.2 103 162 154 73.6 -9.498 -9.526 
82 35.8 1.0 2 340 162 154 73109 4252 34.02 -1.642 -1.74 
83 296 ie} 35.8 83 93 64.0 4857 2.09 0.416 
84 296 0 35.8 100 83 53 92.2 70.7 60.0 “$4.2 45.0 19.6 3.97 
85 296 0 1.8 10.5 83 53 66.3 60.8 54.2 49.2 42.6 0.102 0.0209 
86 296 0 1.8 98.8 83 $3 92.3 05971 
87 296 0.025 35.8 9.6 122 118 77.8 7 .00033 -0 00037 
88 296 0.025 35.8 98.3 122 118 66464 62.0) -0.00344 -9.00388 
89 296 0.025 1.8 10.3 122 118 78.2 66/56) 4050 -9.00718 —0.00810 
390 296 0.025 1.8 99/53 122 118 92.9 69.7 60.0 58.7 57.9 -0.0693 -0.0782 
91 296 1.0 35.8 162 154 92.3 64.4 -9.00019 -9.00020 
92 296 1.0 35.8 100 162 154 87.6 -0.00195 -0,.00206 
93 296 1.0 35.8 99.6 162 154 87.8 71.2) 6355: $9.0) == -- -- 
94 296 1.0 1.8 WON 7: 162 154 92.6 80.0 72.8 69.0 64.0 -0,00409 -90.00432 
95 296 1.0 1.8 3 162 154 91.9 81.3 74.0 69.5 — 
96 296 1.0 1.8 101 162 154 79.0 690) 4977 -0,0389 -0.0411 
97 296 19) 1.8 99.5 162 154 82.8 70.0 62.2 57.0 — — -- 


* The scaling factor LVj,o/",cos® is for contact angles below 90°. 
For contact angles above 90° the scaling factor is LVjsy/\1,0c0se. 
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recovery increased as the interfacial 
tension was lowered. These results 
are as predicted by Equation 1. In 
the case of the water-wet system the 
spontaneity of oil displacement by 
water increases with ocosO. For the 
oil-wet system, where cosO is nega- 
tive, less energy is required to dis- 
place oil as acosO becomes smaller 
numerically. 


The rate of water injection has an 
appreciable effect on oil recovery, 
especially at very low rates. This is 
shown for high and low interfacial 
tension floods on water-wet systems 
in Fig. 4. Oil recovery increased with 
rate up to a certain point, beyond 
which further rate increases had less 
effect on oil recovery. This stabilized 
recovery was reached at 15-25 ml/ 
hour for high interfacial tension 
floods and 100 to 200 ml/hour for 
low interfacial tension floods. A max- 
imum in oil recovery at water break- 
through was observed at 25 ml/hour 
for the high interfacial tension floods. 
This maximum in oil recovery for 
high interfacial tension floods as a 
function of rate may be explained by 
the tendency of water to imbibe 
into the smaller or tighter channels. 
At low flood rates flow channels are 
established by imbibition through the 
smaller channels. At slightly higher 
rates more water pushes into the 
larger channels as the flow capacity 
of the imbibition channels is ex- 
ceeded. At still higher rates more 
of the injected water is carried by 
the larger channels, with the result 
that some oil is trapped and by- 
passed in the tight channels. The 
maximum oil recovery is observed, 
then, at the injection rate where 
water flows at the same rate of linear 
advance through large and small 
channels. In the case of low inter- 
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facial tension floods, channels once 
formed have less tendency to branch 
or expand due to lower capillary 
pressure difference between phases. 
This means a higher injection rate is 
required to create a flow pattern or 
system of channels equivalent to the 
high interfacial tension floods. 

Fig. 5 shows that oil recovery in- 
creased with flood rates for both 
high and low interfacial tension 
floods on intermediate wettability 
systems. Stabilized recovery was 
reached at a rate of from 1 to 5 
ml/hour for high interfacial tension 
floods and at 5 to 25 ml/hour for 
low interfacial tension floods. Max- 
imum oil recovery was obtained at 5 
ml/hour for the high and ar 25 
ml/hour for the low interfacial ten- 
sion floods. For the neutral or inter- 
mediate wettability system there 1s 
no tendency for water to imbibe into 
the tighter channels and by-pass oil 
in the larger channels. As a result, 
water moves through the larger chan- 
nels as well as the small channels in 
a piston-like displacement. This re- 
sults in a low value of injection rate 
for stabilized recovery as compared 
to the water-wet system or the oil- 
wet system. The maximum oil recov- 
ery observed at the optimum injec- 
tion rate, as well as the lower rate 
required for stabilized oil recovery 
with high interfacial tension floods, 
is believed due to the explanation 
offered in the preceding paragraph. 

The effect of rate on oil recovery 
for oil-wet systems is presented in 
Fig. 6. Oil recovery became stable 
at about 100 ml/hour for both high 
and low interfacial floods. For oil- 
wet systems water does not imbibe 
but must be forced into all flow 
channels. Less pressure is required 
to penetrate large channels than small 
channels. At low rates water flows 
through the larger channels, while 
higher rates result in the penetration 
of smaller channels. As a result, oil 
recovery increases with flood rate. 
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The effects of contact angle, inter- 
facial tension, and rate on oil recov- 
ery at water breakthrough are sum- 
marized in Fig. 7. These data show 
that oil recovery for intermediate 
wettability systems is less sensitive 
to rate of water injection and to the 
oil-water interfacial tension than for 
either the water-wet or oil-wet sys- 
tems. At rates above stabilized val- 
ues, oil recovery was highest for low 
interfacial tension floods on _ inter- 
mediate wettability systems. 

Several different combinations of 
variables were grouped in an effort 
to reduce experimental data to a 
common curve. One attempt is shown 
in Fig. 8 as LVuyo/u,cosO for con- 
tact below 90° and LV u,./u,.ccosO 
for contact angle above 90°. These 
values are plotted against residual oil 
saturation at water breakthrough. 


HicH Viscosity FLoops 


Water floods were made on three 
wettability systems using 32 cp oil. 
Three interfacial tensions and sev- 
eral rates were covered. Results are 
presented in Table 4. 


The 32 cp oil systems are charac- 
terized by higher oil recoveries at 
water breakthrough at low rather 
than high flood rates. This result 
appeared visually to be due to chan- 
neling. Engelberts and Klinkenberg”, 
who observed similar results, called 
the phenomenon “viscous fingering.” 
Jones-Parra™ reported this to be due 
to the fact that the inlet saturation 
distribution does not reach equilib- 
rium at high rates. This channeling 
effect was not so pronounced on oil- 
wet systems. It was especially appar- 
ent for low interfacial tension floods 
on untreated and lightly silicone 
treated sands at higher injection 
rates. The severe channeling for low 
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interfacial tension floods is probably 
due to the low capillary pressure dif- 
ference between the oil and water 
phases. This results in less channel 
branching than in the case of high 
interfacial tension floods. 

For the untreated systems, a com- 
parison of the average of residual 
saturations at 10, 100, and 340 ml/ 
hour rates shows the high interfacial 
tension floods to be slightly less effi- 
cient than low interfacial tension 
floods at water breakthrough but 
more efficient at 15 pore volumes of 
injected water. Such a comparison 
for the 0.025 mg/gm treated systems 
(or neutral wettability) does not re- 
veal any significant effect of inter- 
facial tension on oil recovery. For 
oil-wet systems, oil recovery was 
higher at water breakthrough and 
at 15 pore volumes of injected water 
the lower the interfacial tension. 

The results of water floods on 
three wettability systems saturated 
with 265 cp oil are given in Table 4. 
Oil recovery at water breakthrough 
decreased with rate for the untreated 
and 0.025 mg/gm treated systems 
whereas oil recovery increased with 
rate for the oil-wet system. 


Attempts to correlate data for the 
high viscosity oils with Soltrol C 
were not successful except for oil- 
wet systems where the general group- 
ing shown in Fig. 9 was obtained. 
This grouping shows the residual oil 
saturation at eight pore volumes of 
injected water for Soltrol C and 15 
pore volumes of injected water for 
the high viscosity oils plotted against 
LV pw/ 


SUMMARY AND CONCLUSIONS 


Water floods have been made on 
laboratory-prepared unconsolidated 
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sand models to study the effects of 
the solid-water-oil contact angle, the 
oil-water interfacial tension, the 
water injection rate, and oil-water 
viscosity ratio on oil recovery. Ad- 
vancing contact angles ranged from 
35° to 160°, interfacial tensions from 
1.2 to 44 dynes/cm, water injection 
rates from 1.2 to 400 ml/hour, and 
oil-water viscosity ratios from 1.46 
to 296. The sand models of 59 cm 
length and 2.52 cm diameter had av- 
erage permeabilities of 11 darcies 
and average porosities of 33.5 per 
cent. 


With the limitation that the con- 
tact angles and interfacial tensions 
were static values measured external 
to the flow models, the following 
conclusions have been drawn: 


1. Wettability in the displacement 
of oil by water is important in that 
it determines the manner in which 
interfacial tension and flood rate af- 
fect oil recovery. 


2. Oil recovery increases with in- 
terfacial tension for water-wet sys- 
tems and decreases with interfacial 
tension for oil-wet systems. Neutral 
wettability systems are less sensitive 
to interfacial tension than either oil- 
wet or water-wet cases. 


3. For low oil-water viscosity ra- 
tios, oil recovery increases with in- 
jection rate up to a point where fur- 
ther increase in rate results in no 
additional oil recovery. Neutral wet- 
tability systems stabilize at lower in- 
jection rates than either oil-wet or 
water-wet systems. 


4. High viscosity oil systems are 
characterized by higher oil recoveries 
at low rather than high flood rates. 

5. A procedure has been developed 
for treating silica sand to produce 
surfaces of measurable wettability. 
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o = Oil-water interfacial ten- 

sion, dynes/cm. 
os, = Solid-oil interfacial ten- 
sion, dynes/cm. 

osw = Solid-water interfacial ten- 
sion, dynes/cm. 

06 = Contact angle between 
solid and the water-oil 
interface measured 
through the water phase. 

P. = Capillary pressure, dynes/ 
cm’. 

[to = Oil viscosity, cp. 

tw = Water viscosity, cp. 
W, = Cumulative water injected, 
pore volumes. 

V = Water injection rate, cm*/ 
min/cm’. 

L = Length of system, cm. 

r = Pore radius, cm. 

B.T. = Water breakthrough. 

A,.,, = Adhesion tension between 
solid and water, ergs/ 
cm’. 

A,, = Adhesion tension between 
solid and oil, ergs/cm’. 

AF = Free energy of displace- 
ment of oil by water 
from a solid surface, 
ergs/cm’. 
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ABSTRACT 


A new electric logging method, 
called displacement logging, often 
gives a direct indication of the pres- 
ence of mobile hydrocarbons in 
hydrocarbon-bearing formations. 
This method is based on the detec- 


tion of a bank of connate water 


which is formed between the invad- 
ing mud filtrate and virgin forma- 
tion fluids in these cases. The exist- 
ence of this phenomenon has been 
verified by laboratory studies and 
by actual field logs taken in known 
oil sands. 


INTRODUCTION 

During the past decade increas- 
ing use has been made of conven- 
tional electric logs to determine the 
amount of oil or gas in formations 
traversed by a borehole. This de- 
termination requires knowledge of 
several factors, such as true re- 
sistivity of the formation, formation 
factor, and water resistivity. Some- 
times all of the factors necessary to 
make a reliable saturation calcula- 
tion are not available. Also, the 
computations and corrections which 
are necessary in such a study often 
require the services of an expe- 
rienced log analyst. It has long been 
the desire of exploration people to 
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have a logging device which will 
locate hydrocarbon-bearing forma- 
tions directly without requiring com- 
plex interpretation methods. The 
displacement log, while not com- 
pletely fulfilling this desire, appears 
to be a step in that direction. 


BASIS FOR THE DEVICE 


The basis for this device stems 
from a phenomenon which occurs 
when mud filtrate invades a forma- 
tion which contains displaceable hy- 
drocarbons. As the mud filtrate in- 
vades the formation, most of the oil 
or gas is pushed out of the invaded 
zone, leaving residual oil. However, 
in addition to displacing most of the 
oil or gas, the connate water is also 
swept out, since the originally ir- 
reducible water is mobile in the 
presence of a water phase.”** Con- 
sequently, this irreducible water 
piles up as a bank between the 
virgin oil zone and the invading fil- 
trate. 

If the mud filtrate is of higher re- 
sistivity than the formation water— 
as is commonly the case—the re- 
sulting annular zone, containing the 
bank of formation water, will be of 
lower resistivity than either the 
virgin oil-bearing formation resistiv- 
ity or the invaded zone resistivity. 
This resistivity configuration, going 
from high to low to high again as 


1References given at end of paper. 


the distance from the borehole in- 
creases, is found only in those zones 
which contain displaceable hydro- 
carbons. A device which would re- 
liably detect this low resistivity zone 
would give a direct indication of 
mobile hydrocarbons. 


ILLUSTRATIONS 

This phenomenon is illustrated in 
Fig. 1 and 2. Fig. 1 shows a sketch 
of a zone containing salty connate 
water plus displaceable hydrocar- 
bons, along with graphs showing 
fluid content and electrical resistivity 
vs distance from the borehole, be- 
fore invasion occurs. Fig. 2 shows 
this zone, together with fluid con- 
tent and resistivity graphs, after in- 
vasion by a fresh water mud. The 
resistivity pattern on moving away 
from the borehole is high: low: high. 

The absence of the low zone 
phenomenon in water zones is illus- 
trated in Fig. 3 and 4. Fig. 3 
shows a sketch of a zone containing 
salty formation water and residual 
oil, along with graphs showing fluid 
content and electrical resistivity vs 
distance from the borehole, before 
invasion occurs. Fig. 4 shows this 
water zone, together with fluid con- 
tent and resistivity graphs, after in- 
vasion by a fresh water mud. In 
this case the resistivity pattern on 
moving away from the borehole is 
high: low since there is no change 
in water saturation at the head of 


the invading front. The same re- 
sistivity pattern holds for a 100 per 
cent water saturated zone. 

This low resistivity zone, or “low 
zone,” between the invaded zone 
and virgin formation then is found 
only in zones containing displace- 
able hydrocarbons. It has been 
studied in detail in the laboratory by 
core and model studies and has been 
found to exist in the field in zones 
which later proved to be productive. 


Initial laboratory work was per- 
formed to determine the efficiency 
of fluid displacement in the invaded 
zone and to determine the resistivity 
contrast that would exist under 
various conditions. Fig. 5 shows the 
resistivity variations along a sand 
core which had been reduced to con- 
nate water by flushing with oil and 
then flooded with fresh water. The 
“low zone” phenomenon has been 
observed in unconsolidated sands, 
consolidated sand cores, and in both 
homogeneous and vugular limestone 
cores. 


RESISTIVITY VARIATION 

The resistivity variation in any 
given case will depend on the water 
saturation in the virgin formation, 
the resistivity of the formation 
water, the resistivity of the invading 
filtrate, and the residual oil satura- 
tion in the invaded and “low zones.” 
The displacement of the connate 
water by the filtrate is not 100 per 
cent efficient, so the contrast be- 
tween the “low zone” and the in- 
vaded zone is reduced because of 
some mixing of the saline and fresh 


OIL AND JRREDUCIBLE 
SALT WATER 


ro) 


FLUID 
CONTENT % 


0 IRREDUCIBLE SALT WATER 


DISTANCE FROM HOLE 


ELECTRICAL 
RESISTIVITY 


OISTANCE FROM HOLE 
Fic. 1—O1L ZoNE BEFORE INVASION. 


234 


INVADED FRESH: 
WATER 


BANK OF IRREDUCIBLE 
SALT WATER 


OIL: AND IRREDUCIBLE 
SALT WATER 


100 


“INVADED 
FRESH, 
WATER 
J\RREDUGIBLE SALT WATER 


FLUID 
CONTENT % 


DISTANCE FROM HOLE 


ELECTRICAL 
RESISTIVITY 


DISTANCE FROM HOLE 
Fic. 2—O1L ZONE AFTER INVASION. 


waters. It is believed that in sand- 
stone reservoirs typical resistivity 
ratios may range between 2:1:10 and 
20:3:10 for the invaded zone: “low 
zone”: virgin formation resistivities. 

The width of the low resistivity 
zone depends on the connate water 
saturation and the depth of inva- 
sion. Larger values of connate water 
saturation and greater depths of in- 
vasion lead to wider low resistivity 
zones. For 20 per cent connate 
water and five hole diameters in- 
vasion, “low zone” widths of about 
one-half of a hole diameter are be- 
lieved to exist in sandstone reser- 
voirs. 


STABILITY OF RESULTING 
RESISTIVITY CONFIGURATION 

Another factor that was consider- 
ed in initial laboratory studies was 
the stability of the resulting resistiv- 
ity configuration. Three processes 
that tend to eliminate the resistivity 
contrast are: (1) diffusion of the 
bank of salty formation into the in- 
vaded zone, (2) imbibition of the 
bank of salty formation water into 
the virgin, oil-bearing formation, 
and (3) gravitational separation of 
the three zones due to their different 
densities. 

Limited investigation indicates 
that unless formation permeabilities 
are of the order of 1 darcy or higher, 
the effects due to diffusion and 
gravitational separation can usually 
be neglected for periods of several 
weeks. One test of the stability of 
the resistivity contrast was made on 
a 400 md Torpedo sand section, ap- 
proximately %4 in. thick, over a 


period of 13 days. This particular 
sand was chosen since other data 
indicated that the imbibition effect 
would be large. Fig. 5 also shows 
the change in the resistivity profile 
due to all causes in the Torpedo 
sand section. From this we expect a 
significant resistivity contrast to exist 
over a period of several weeks after 
an oil zone is penetrated. 


ELECTROLYTIC WEDGE MODEL 


After being satisfied that the effect 
noted in the laboratory appeared 
promising as a possible means for 
detecting mobile hydrocarbons di- 
rectly, attention was directed toward 
a method of recording the presence 
of the “low zone” by some type of 
logging device to be run in the bore- 
hole. We have used the term “dis- 
placement log” to indicate any log- 
ging method which is designed to 
give an indication of the “low zone” 
formed due to displacement of oil 
or gas by mud filtrate. Since, gen- 
erally, the horizontal depth of in- 
vestigation of conventional logging 
arrangements increases with spacing, 
recording a number of conventional 
spacings appeared feasible. It was 
hoped that the resulting profile of 
apparent resistivity vs spacing would 
detect the low resistivity zone by 
showing a minimum. A unique effect 
in the apparent resistivity profile is 
deemed necessary since it appears 
impossible, or at least impractical, 
to apply reliable corrections to con- 
vert the apparent resistivity values 
to a true resistivity profile. 
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An electrolytic model was used to 
simulate a formation with a “low 
zone.” Different salt water solutions 
and agar mixtures were used to set 
up the various resistivity configura- 
tions desired. A Lucite section was 
constructed to simulate the logging 
sonde. 

Initial electrolytic model studies 
conducted with a series of two- 
electrode spacings did not result in 
profiles capable of detecting the 
presence of the “low zones” set up 
in the model. However, three-elec- 
trode spacings did appear to have 
promise. It was found that in order 
to detect wide ranges of the re- 
sistivity contrast expected in nature, 
effects due to the flow of current in 
the mud-filled borehole would have 
to be reduced or eliminated, if pos- 
sible. Insertion of a series of insulat- 
ing discs or bumpers between the log- 
ging electrodes accomplished a sig- 
nificant reduction in borehole effects 
when the bumpers approached 80 
to 90 per cent of the borehole 
diameter. 

Much of the early work was done 
with this electrolytic model. This 
work indicated that many of the 
resistivity contrasts expected in na- 
ture could be detected with a system 
of three-electrode spacings employ- 
ing bumpers. Problems with dif- 
fusion between zones of different 
resistivity in the model and the 
relative cost of producing a great 
many model runs led to the use of 
a resistivity analog model as a more 
reliable and cheaper method to 
evaluate the usefulness of various 
systems for displacement logging. 
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RESISTIVITY ANALOG MopEL 


The analog model used was de- 
signed by Hubert Guyod, Houston 
logging consultant, to simulate earth 
formations and mud-filled boreholes 
by means of an electrical resistance 
network.* 

Resistance networks were built 
that would permit various types of 
displacement logs (apparent resistiv- 
ity for a given electrode arrange- 
ment vs electrode spacing) to be run 
at different depths in a simulated 
formation. It was possible to make 
the runs with insulating bumpers 
which were 100, 90 and 84 per cent 
of the borehole diameter. 

In the work covered by this paper, 
the depth reference point is taken 
as the position of the current or sin- 
gle electrode in a three-electrode ar- 
rangement. It was found that this 
method of presentation resulted in 
an unique indication of the “low 
zone.” The use of the midpoint of 
the two potential probes as_ the 
depth reference point, as is done 
in conventional logging, may also 
be a satisfactory method. The latter 
method is probably easier to do 
instrumentally. However, the basic 
object of displacement logging, de- 
tecting the “low zone,” remains the 
same no matter how the data are 
presented for log interpretation. 

In view of all model work to 
date, we define an indication of the 
“low zone” to be either (1) a min- 
imum in the graph of apparent re- 
sistivity vs electrode spacing which 
is stationary, i.e., it continues to 
occur at the same spacing for re- 
sistivity profiles run at different 
depths in the zone being logged; or 
(2) a stationary inflection in the 
graph of apparent resistivity vs elec- 
trode spacing when the apparent re- 
sistivity continues to increase with 
spacing. 

A case is shown in Fig. 6 of a 


displacement log taken with a three- 
electrode configuration, at 1-ft inter- 
vals opposite a 10-ft thick bed (as 
suming a hole diameter of 8 in.). 
The bed of interest has a resistivity 
contrast of 1:10:1:30 for the mud, 
invaded zone, “low zone,” and virgin 
formation, respectively. The sur- 
rounding bed resistivity, R,, is equai 
to three times the mud resistivity. 
Each profile is plotted with the posi- 
tion of the current electrode as the 
depth reference point. 

It is important to note that the 
indication due to the “low zone” has 
the unique characteristic of remain- 
ing on the same spacings even while 
the sonde is moving through the bed 
of interest. Using the current refer- 
ence method of plotting, a minimum 
or inflection due to bed effects would 
move across the profile as the sonde 
moved. It is this characteristic that 
distinguishes the “low zone” indica- 
tion from any inflection or minimum 
due to bed boundaries or from layer- 
ing occurring within a bed. 

Over 200 model runs have been 
made to study the effect of changing 
bed thicknesses and resistivity con- 
trasts in the invaded zone, “low 
zone,” virgin formation, and adja- 
cent beds using both three-electrode 
and differential three-electrode con- 
figurations. 


RESULTS OF MopEL WorK 

The results of the model work 
may be summarized as follows: 

1. If an indication of the “low 
zone” is obtained on a displacement 
log, it is unique. Bed boundary and 
layer effects move through the re- 
sistivity profile when the sonde moves 
past the bed. 

2. It has not proved possible to 
date to design a logging system that 
will detect the “low zone” in all 
cases. The ability to detect the “low 
zone” is dependent on the resistivity 
values of the invaded zone, the “low 
zone,” the virgin formation, and the 
adjacent formations. It also is de- 
pendent on the bumper diameter of 
the sonde, the thickness of the bed 
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of interest, and the type of electrode 
configurations used. 

3. It appears that at least 60 to 70 
per cent of producing sand reservoirs 
can be detected using 90 per cent 
bumpers. In certain areas the suc- 
cess ratio is expected to be higher, 
and in others, lower. For limestone 
reservoirs, model work indicates that 
detection of the “low zone” will be 
much more difficult due to the heter- 
ogeneous nature of these beds. 


A field program undertaken after 
core studies and early model work 
proved the existence of the “low 
zone” in actual wells. 


SPECIAL INSTRUMENTATION 


The main problems in special in- 
strumentation were with the physical 
dimensions of the sonde and the nec- 
essary electrical switching that per- 
mitted readings to be taken on a 
plurality of electrode spacings. The 
electrode sections of the sondes, built 
for use in 8%4 in. and 9% in. bore- 
holes, were like the sketch shown in 
Fig. 7. Note that the electrode sec- 
tion of the sonde provides a mud by- 
pass through the center to reduce 
swabbing effects. 

Leaf spring centralizers were used 
to prevent flexing and excessive wear 
on the thin rubber bumpers and to 
prevent excessive scraping of filter- 
cake from the wall of the hole. In- 
side a pressure tight housing above 
the electrode arrangement, means 
were provided to switch the recorder 
to the appropriate spacing. 


LOGGING PROCEDURES 

The initial field tests, run in shal- 
low holes in East Texas, were made 
by making a number of runs past the 
zone of interest. Each successive run 
was made with a different spaced 
three-electrode arrangement. 

Later logs were made by stopping 
the sonde opposite the formation of 
interest and successively switching 
the recording device through the vari- 
ous spacings. After all readings were 
taken at one depth, the sonde was 
usually dropped about 1 ft, and an- 
other series of readings was taken. 
Displacement logs were often taken 
opposite uniform shale formations 
to check instrument performance. 


EXPERIMENTAL DATA 
AND DISCUSSION 

Fig. 8 is a portion of a conven- 
tional electric log survey from 5,150 
to 5,440 ft in an Atlantic Refining 
Co. well, Sholem Alechem field, Step- 
hens County, Okla. Fig. 9 shows dis- 
placement logs taken opposite a zone 
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which later produced pipe line oil. 
An indication like those obtained in 
model runs due to the “low zone” is 
easily seen in the region of spacing 
positions 8, 9, and 10. 

Displacement logs were taken in 
the same well opposite a water sand 
at depths of 5,219, 5,220 and 5,221 
ft. These logs are shown in Fig. 10. 
The displacement logs show clearly 
that R, is greater than R,, and that 
no indication of hydrocarbons is 
present. 


Locs IN SALT LAKE FIELD 


Fig. 11 shows a portion of the 
conventional electric log and micro- 
device in an Atlantic Refining Co. 
well, Salt Lake field, Aransas County, 
Tex. Some displacement logs taken 
in this section are shown in Fig. 12. 

The high resistive streak shown at 
7,795 ft on the micro-device moves 
through the spacings as the depth of 
the sonde is changed. Any effect due 
to streaks of different resistivity oc- 
curring in the sand will not remain 
on the same probe readings. It is 
probable that the displacement logs 
indicate an inflection in the region of 
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Remarks: Dips from spacings 8 to 11 in- 
dicated movable hydrocarbons. This zone pro- 
duces clean oil from perforations 5,316 ft to 
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Remarks: Indication of a water zone. 
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Current probe at 7,794 ft 

Fic. 12 — DisPLACEMENT LOGGING 
RESULTS. WELL LOCATED IN SALT 
LAKE FIELD, ARANSAS COUNTY, TEX. 


Remarks: An indication of oil is noted 
around spacings 8, 9, and 10. A resistivity 
streak masks the indication at 7,792 ft. This 
sand produces in this field. 


probe positions 8, 9 and 10. Though 
it is not the producing sand in this 
well, this sand produces oil in this 
field and in this well the sand is 
above the oil-water contact. Shows 
in sidewall cores were obtained in 
this interval. 


FIELD RESULTS 


To date, displacement logs have 
been successfully recorded in 10 dif- 
ferent Atlantic wells. A total of 120 
intervals were logged, 25 of which 
were in known or probable hydro- 
carbon-bearing sands. In these hy- 
drocarbon-bearing sands, 19 inter- 
vals were interpreted as having an 
indication due to the “low zone.” 
(Most of the remaining ones were 
distorted by resistivity inhomogencei- 
ties which made interpretation im- 
possible.) Of a total of 88 water for- 
mations, or formations of unknown 
fluid content, which were logged, 
only four were interpreted as hav- 
ing an indication due to the “low 


Most of the information supplied 
in the Martin-Campbell paper is 
based upon work of The Atlantic 
Refining group prior to the time a 
logging system capable of record- 
ing simultaneously a multitude of 
three-electrode resistivity curves was 
available. 

Atlantic’s field work, their own 
model study and that with the 
Guyod model, indicated that the 
logical log should consist of a fam- 
1955 
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TABLE 1 — FIELD DATA ON DISPLACEMENT LOGS RECORDED SUCCESSFULLY IN TEN ATLANTIC WELLS 


Known or Known or Shale Presumably 
Probable Probable Intervals Water or Non-hydrocarbon 
Number Oil or Gas Oil or Gas Logged, No Unknown Intervals in 
Intervals Intervals Intervals Indications of Intervals Which Oil Was 
Well Logged Logged Detected Oil or Gas Logged Indicated 
1. East Texas 2 i 1 0 1 0 
2. Southwest Texas 16 0 0 2 14 0 
3. North Louisiana 22 0 0 ] 20 Hl 
4, East Texas 12 0 0 0 12 1 
5. Oklahoma 20 7 if 0 ifs} 0 
6. Southwest Texas 13 6 3 0 a 0 
7. Southwest Texas 11 7 5 2 3 ] 
8. East Texas 6 1 ] 1 4 1 
9. Southwest Texas di 3 2 0 4 0 
10. Mississippi Ua 0 0 1 10 0 
TOTALS 12 25 19 7 8 4 


zone.” None of these four zones has 
been tested. No stationary minimum 
or inflection was found in any shale 
formation. Table 1 lists these field 
data. 

It is often difficult to interpret the 
displacement logs when resistivity 
inhomogeneities are present. This 
means that in beds which are not 
homogeneous over a sufficient thick- 
ness to permit reliable interpretation, 
the displacement logging method is 
limited. 

The field tests have shown that: 

1. It is possible to obtain a dis- 
placement log under field conditions. 

2. Indications are found in hydro- 
carbon-bearing sands that are simi- 
lar to those recorded in model set- 
ups. 

3. Resistivity inhomogeneities 
make interpretation difficult in many 
cases. 


CON TONS 

The main conclusions reached are 
as follows: 

1. The setting up of the “low 
zone” is a real phenomenon and the 
resistivity configuration remains sig- 
nificant over a period of several 
weeks. 

2. The “low zone” causes a unique 
effect, which can often be detected, 
on displacement logs. 

3. The “low zone” has been de- 
tected under field conditions. 
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HOUSTON, TEX. 
ily of about eight three-electrode 
curves with spacings ranging from 
10 in. to 60 in. An instrument to 
provide such a log has been built. 

Fig. 1 shows a block diagram of 
the system. Two electric fields are 
established in the formation by con- 
stant currents of two different fre- 
quencies flowing between the two 
pairs of current electrodes: C—C, 
and C —C,. Each potential electrode 
disposed along the tool measures 
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We believe that displacement log- 
ging is a method which will often 
indicate the presence of mobile hy- 
drocarbons directly. Such a method 
should materially aid in the search 
for oil. 

Certain improvements in the dis- 
placement logging instrumentation 
and equipment need to be made, 
however, before such a method will 
be practical. An improvement that 
would permit better discrimination 
between moving and stationary in- 
flections and minima is the simulta- 
neous recording of the apparent re- 
sistivities from different spaced elec- 
trode arrangements. A service com- 
pany has entered an agreement with 
The Atlantic Refining Co. to develop 
such a system. 
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potential signals from each of these 
fields according to the spacing be- 
tween it and the current electrodes. 
Thus P, receives a signal at 133 
cycles per second corresponding to 
that of a three-electrode configura- 
tion of 10 in., and a signal at 200 
cycles per second corresponding to 
that of a three-electrode configura- 
tion of 16 in. In a similar manner 
P, receives a signal at 133 cycles per 
second corresponding to that of a 
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three-electrode configuration of 22 
in. spacing and a signal at 200 cycles 
per second corresponding to that of 
a three-electrode configuration of 28- 
in. spacing. Similarily, each of the 
other potential electrodes receives 
signals corresponding to two three- 
electrode configurations. The signals 
picked up by these potential elec- 
trodes are used to modulate in fre- 
quency various carriers. The carrier 
signals then are injected into the 
single conductor line circuit for 
transmission to the surface. The in- 
dividual signals are separated there 
and the log recorded in the conven- 
tional fashion. 

Fig. 2 shows a portion of a log 
made with this system recorded on 
conventional scales. For clarity of 
the record each of the curves is 
based at a different vertical rule line. 
Thus, the 10-in. curve is recorded on 
a scale of 20 ohm-m with the zero 
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at the extreme left vertical rule line. 
The i6-in. curves, 22-in. curves, etc., 
are zeroed along the vertical rule 
lines indicated at the upper part of 
the figure. 

To fully evaluate the displacement 
concept it is necessary that a plot be 
made of the resistivity profile as illus- 
trated in Martin’s presentation. It is 
interesting to note, however, how 
clearly the invasion picture can be 
shown by this family of three-elec- 
trode curves. At the depth of 7,326- 
51 there is a water sand. The shorter 
spaced curves are influenced consid- 
erably by the invaded zone, while 
the longer spaced curves are influ- 
enced less until at about 48-in. spac- 
ing there is no apparent influence. 

Fig. 3 shows another section of 
this same log. Here are included 
some thin streaks, and a very good 
presentation is given of the responses 
of the three-electrode resistivity meas- 
uring configurations of different spac- 
ings to thin sections. At a depth of 
8,365 there is a very thin section 
and for each spacing the character- 
istic lag or shadow zone is apparent. 
At a depth of 8,322 there is a streak 
of about 4 ft thickness. Here can 
be noted the characteristic response 
of the configuration to a bed of crit- 
ical thickness. 

For all evaluations of the displace- 
ment logging operations to date it 
has been necessary to plot the re- 
sistivity profile at a given depth for 
the various spacings. Until recently 
this plot was made manually. A 
mechanical reader has been devel- 
oped which facilitates rapid plotting 
of the profile directly from the log 
of the eight three-electrode curves. 
Fig. 4 and Fig. 5 show such profiles 
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of a water sand and an oil sand re- 
spectively. Even with the mechanical 
reader considerable labor is required 
to put the data into proper form for 
final interpretation. It is anticipated 
that there eventually will be provided 
an instrument which will automat- 
ically plot the profiles as the log is 
being made so that better well-site 
interpretations can be made. 

To date 13 wells in South Texas, 
Louisiana and Oklahoma have been 
surveyed with the fully automatic 
and simultaneously recording equip- 
ment. 

Future instruments will provide 
curves of spacings to 72 in. in a 
more logical sequence as indicated 
by past field experience. 
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I would like, at the outset, to em- 
phasize that the effect which the au- 
thors call the low zone is indeed 
real. I note this because when the 
paper was presented verbally, it 
seemed that many listeners doubted 
its validity. Data were obtained on 
water flooding at the Pennsylvania 
State University just after the war 
which show the low resistivity zone 
very strikingly. In these experiments 
distilled water was used to displace 
oil from water-wet sands containing 
both oil and brine. The floods were 
linear and the resistivity along the 
direction of flooding was monitored 
continuously. The build-up of a bank 
of brine in which the oil saturation 
was small and, in consequence, the 
resistivity low, is clearly revealed. 

Campbell and Martin are to be 
congratulated for recognizing that 
this phenomenon can be applied to 
the problem of log interpretation. 
The practical method they suggest 


DISCUSSION 


M. R. J. WYLLIE 
MEMBER AIME PITTSBURGH, PA. 
of recognizing the low zone is in- 
genious and, I believe, workable in 
many instances. Nevertheless, it is 
my view (necessarily subjective) that 
the basic approach they propose is 
anachronistic. The recognition of the 
low zone, apart from such practical 
difficulties as stem from equipment 
and formation heterogeneity (espe- 
cially interstitial clay), depends upon 
a reasonable depth of filtrate inva- 
sion, a high ratio of R,, to R,, and 
adequate hydrocarbon mobility. In 
many formations, at least with prop- 
erly tailored mud, these conditions 
will be met. But this cannot be re- 
lied upon. If the method is not uni- 
versally applicable, its simplicity, in- 
stead of being advantageous, becomes 
the reverse. All sorts of well-meaning 
log interpretations will inevitably be 
made by semi-skilled interpreters who 
are impressed by the simplicity of 
the low zone technique but unaware 
of the physical processes on which 
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its validity rests. Mistaken interpreta- 
tions will be made and these will 
not necessarily err on the side of 
optimism. Management will not be 
impressed. 

It may be argued that the low zone 
technique will supplement other in- 
terpretation techniques. This would 
be admirable but there are already 
too many logs run. With all due 
deference to the authors, I subscribe 
to the following view. The only basis 
on which log interpretation can rest 
satisfactorily is one which is uni- 
versally applicable. This means that 
directly or indirectly R,, R,. and the 
SP must be found (for aqueous-base 
muds). The resistivity parameters are 
best measured by focusing logs run 
in muds whose resistivities are specif- 
ically designed to the problems at 
hand, i.e., maximum R, likely to be 
encountered and values of R,,/R, 
suited to the logs. 


AUTHORS’ REPLY to M. R. J. WYLLIE 


It seems that M. R. J. Wyllie, 
though agreeing with the concept of 
the formation of the low zone, feels 
that displacement logging is already 
outmoded. He mentions what he con- 
siders to be factors limiting its appli- 
cability. 

Heterogeneities of the formation, 
in the form of different resistivity 
beds, will effect the recognition of 
the low zone. However, recent field 
tests show that the displacement log 
has application in beds of thickness 
down to 3 or 4 ft. Though we have 
no field data to prove it, a sand with 
heterogeneity due to interstitial clay 
(a shaly or “dirty” sand) may be 
subject to evaluation with a displace- 
ment log. If R,, is greater than R,, in 
an invaded shaly sand, the resistivity 
pattern on moving away from the 
borehole is high:low:high. This is 
precisely the condition for displace- 
ment logging. 

It is true that displacement logging 
must have a reasonable depth of fil- 
trate invasion. Probably just a few 
inches will do. It is also true that any 
interpretation method which uses R,. 
must depend on a few inches filtrate 
invasion. 

A high ratio of R,, to R, is not 
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necessary for displacement logging. 
When R,, is greater, by any amount, 
than R,,, the necessary resistivity pat- 
tern is set up by invasion of a sand 
bearing mobile hydrocarbons. If the 
invaded zone resistivity is less than 
the true resistivity (with R,. > R.), 
then we are assured that mobile hy- 
drocarbons are present. Model data 
indicate that such a resistivity config- 
uration gives the unique inflection 
necessary for interpretation. This is 
true even with no low zone as long 
as the invaded zone resistivity is less 
than the true resistivity. The fact 
that the low zone is present accentu- 
ates the indication. We do not think 
that mud resistivity control will be 
generally necessary. When necessary, 
it should be no more of a problem 
than the tailoring of the mud pro- 
posed in Wyllie’s “universal” method. 

As for adequate hydrocarbon mo- 
bility, that’s what we are looking for. 
If the oil saturation changes upon 
invasion from 70 per cent to 40 per 
cent, we would expect the resistivity 
of the virgin formation to be about 
three times that of the low zone. 
Greater oil saturation changes would 
give greater contrasts. If the change 
in oil saturation is much less than 30 


per cent, the zone may not be com- 
mercial. Zones of this type would 
also be hard to find with Wyllie’s 
proposed method. 

We feel that one of the main ad- 
vantages of the displacement log 
method is that interpretations can be 
made by semi-skilled interpreters. If 
the unique indication is present, the 
interpreter is certain of movable hy- 
drocarbons in the formation whether 
or not there is any other supporting 
evidence, such as “shows.” A logging 
expert can examine zones of possible 
interest which do not have displace- 
ment log indications by conventional 
interpretation methods. We may say 
here that the displacement log would 
permit calculation of values for R,. 
and R,. An SP will eventually be run 
with this device. The bumper sonde 
serves to an extent the same purpose 
as the pad on contact logs and the 
focusing systems in the focused de- 
vices used to determine R,. 

Like Wyllie, we too would like to 
use a method that is “universally ap- 
plicable.” Until such time as one is 
found, however, we will continue to 
use any log interpretation method 
that will aid in the search for mov- 
able hydrocarbons. ah 
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Further Discussion of Papers Published 
in Transactions, Volume 204 (1955) 


ANALYSIS of RESERVOIR PERFORMANCE K,;/K, CURVES 
and a LABORATORY &K,/K, CURVE MEASURED ona 
CORE SAMPLE 


T. D. MUELLER 
J. E. WARREN 

W. J. WEST 
MEMBERS AIME 


CALIFORNIA RESEARCH CORP. 
LA HABRA, CALIF. 


(Published as T. P. 4102, Page 128) 


DISCUSSION 


F. R. CONLEY 
MARTIN FELSENTHAL 
MEMBERS AIME 


The method of comparing laboratory and field per- 
formance as set forth by the authors is certainly an 
interesting and thought provoking approach. The anal- 
ysis is, however, based on a hypothetical reservoir and 
data, and we believe one of the basic premises to be in 
error. 


The authors assumed a typical laboratory K,/K, 
curve which was characterized by a critical gas satura- 
tion of 10 per cent of pore space. In order to further 
substantiate the validity of their assumption, the au- 
thors cited references which indicate that the critical 
gas saturation of typical laboratory K,/K, curves fall 
in the general range of 5 to 20 per cent of pore space. 


CONTINENTAL OIL CO. 
PONCA CITY, OKLA. 


This is in disagreement with results obtained in our 
laboratory. 


Results of all our laboratory K,/K, tests would lead 
us to believe that the critical gas saturation is extremely 
small—less than 2 per cent of pore pace in the majority 
of cores. The high critical gas saturations reported in 
the literature are due, we believe, to the inability of 
many laboratory K,/K, procedures to measure gas flow 
and saturations accurately in the lower ranges. If K,/K, 
data originating at low gas saturations had been used 
by the authors, it is believed that the conformance of 
actual and theoretical reservoir performances would 
have been improved. tk 


A STUDY of WATERFLOOD EFFICIENCY in OIL-WET SYSTEMS 


J. E. WARREN 

STUDENT ASSOCIATE AIME 
J. C. CALHOUN 

MEMBER AIME 


THE PENNSYLVANIA STATE UNIVERSITY 
STATE COLLEGE, PA. 


(Published as T.P. 4003, Page 22) 


DISCUSSION 


H. J. de HAAN 
J. WEYDEMA 


The authors have presented valuable information on 
the influence of the interfacial tension and the contact 
angle on the recovery efficiency of the waterdrive proc- 
ess. It is considered, however, that the following points 
deserve a closer examination. 
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KONINKLIJKE/SHELL LABORATORIUM 
AMSTERDAM 


I. As pointed out by Wyllie and Spangler’ the dis- 
placement pressure Pp, i.e. the pressure required to ini- 
tiate the displacement of the wetting phase from the 
core, is a measure of the maximum pore diameter dinax- 
If the capillary pressure P. as a function of the wetting 


PETROLEUM TRANSACTIONS, AIME 


phase saturation S,, is constant, all pores are of the 
same diameter: 

This is not the case for the cores used by the au- 
thors: by plotting the values of P. and S, obtained on 
displacing water by air (cf. Table 3 of the paper, Fig. 
| of this discussion) it is found that the P.(S,.) curves 
show a marked slope. Thus by using the P, values, in 
fact only the maximum pore diameter d,,,. can be de- 
termined, and not the average pore diameter as claimed 
by the authors. 


2. Wyllie and Spangler’ also pointed out that the 
“Kozeny-constant”, k,,.x, introduced by Rose and Bruce’ 
and calculated from 


== || == = 


where P, = lim P.(S,,) 
Sy 1 
is not a characteristic quantity of the porous medium 
and cannot be used to calculate its specific surface area, 
unless all pores have the same diameter. 


1 
The authors plot VS 


V5 (Fig. 2 of the paper). 

From the linearity of this plot they conclude that the 
supposed average pore diameter (actually the maximum 
diameter, cf. note [1]) is equal for the four cores used. 
This linearity is evidently from [1], since Py (see Table 
3 of the paper) and y are constant. The conclusion that 
dmax has the same value for all cores follows directly 
from 


4y cosO 

(cos 0=1 for the water-air system). 
3. The authors claim to have used Equation 1 once 


Pp= (2) 


more, viz. for the calculation of cos Oy,.,. (water-oil- 
CAPILLARY PRESSURE RP, /N cm Hg 
] | | | 7 
| | 
| 
| | 
+ 
+ CORE No. 3 
| 36 
20 
10 
if 
| 
it 
O 20 4O 60 80 10 
: WATER SATURATION Sw 
Fic. 1 —- CAPILLARY PRESSURE CURVES; DATA WARREN 


AND CALHOUN OBTAINED FROM DISPLACEMENT OF 
WATER BY AR. 
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solid). This is done by substituting the value of Kia: 
found above from 


Py) K\% \% 
K\% 


COS Oars 


o/w 


into 


(w/a = Water-air, ,,. = oil-water). 

However, this procedure is equivalent to eliminating 

Kmax from the Equations 3 and 4, which yields: 
(Ea) Yorw COS Ov 


CAE 


This relation, however, is nothing else than the quo- 
tient of the expressions (2) for the displacement pres- 
sure in the water-air and the oil-water systems respect- 
ively. 


Thus it appears that the authors actually did not 
make use of relation (1), but—be it indirectly—ap- 
plied Equation 5. Consequently the values found for 
COS Oy,/o/s are correct. 


4. The authors plotted the breakthrough recovery 
R, against 


for each core separately, as they expected that differ- 
ences in core properties would obscure this relation. 
When combining the data into one plot, however, (see 
our Fig. 2) no correlation with the type of core can be 
observed, whereas a marked influence of the type of 
fluid used appears. In particular, the line connecting 
the points obtained with Fluid 1 deviates appreciably 
from the other lines. 


0 COS@= 405 1 y=554 dn cm! 
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Fic. 2— BREAKTHROUGH RECOVERY VS THE DIMEN- 
SIONLESS GROUP, CHARACTERISTIC FOR THE RATIO OF 
CAPILLARY AND VISCOUS FORCES. 


| 


5. The authors state that the ultimate recovery can 
only be correlated with the group. 


cos 
cosO \/K 
By plotting Rui. vs our Fig. 


3), the normal form of the dimensionless group, it is 
shown, however, that the spread of the points about 
smooth curves drawn through each set of points cor- 
responding with one \/K@ group is about equal to that 
found in Fig. 9 of the paper. It would seem to us, that 
the quotient y/cos © has no physical meaning and that 
therefore the normal form should be preferred. 


INE 


C= po/ bw Subscripts: 

d = pore diameter a = air 

k = Kozeny constant b = breakthrough 
K = permeability c = capillary 

1 = length of the core D = displacement 
P = pressure o = oil 

R = oil recovery s = solid 

s = saturation w = water 

v = injection velocity max = maximum 

y = interfacial tension ult = ultimate 

© = contact angle 

= Viscosity 

= porosity 
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Fic. 3 — ULTIMATE RECOVERY VS THE DIMENSIONLESS 
GROUP, CHARACTERISTIC FOR THE RATIO OF CAPILLARY 
AND VISCOUS FORCES. 
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AUTHORS’ REPLY to H. G. de HAAN and J. WEYDEMA 


The discussion by H. G. de Haan and J. Weydema 
is very gratifying to us since it indicates a very active 
interest in the subject treated. We will make a brief 
comment on each of their points in order to clear up 
some obyious misunderstandings. 


1. Agreed! We made an error in calling the “maxi- 
mum pore radius” the “average pore radius.” 


2. and 3. A primary purpose of constructing Fig. 2 
of the paper was to permit the determination values 
of cos Oy,,, Without experimentally determining 
Rae on all cores. Equation 5 of the discussion could not 


be used unless Py was determined experimentally on 
w/a 


all cores. We could have concluded directly from the 
measured P, values that all subsequent values would 
w/a 


be the same, but chose the alternate method used in 
the paper in the belief that it made the conclusion 
more apparent. The existence of two thought processes 
leading to the same conclusion does not necessarily 
invalidate either. 


4. Fig. 2 offered in the discussion is interesting. 
It would be desirable to have some interpretation of 
the physical significance of the trends indicated. Gen- 
erally, a graph is presented to illustrate a point and in 
the paper Fig. 7 was presented as a linear, not a semi- 
logarithmic plot to show the correlation with other ideas 
in the literature. The complete data were rectified on 
Fig. 8 of the paper, not by a semi-logarithmic plot, but 
by a consideration of an influence due to wetting, de- 
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duced from work presented by Bethel.” This does not 
say that either Fig. 8 of the paper or Fig. 2 of the dis- 
cussion is the “correct” interpretation. We feel our 
treatment of the data in Fig. 8 is more justified. 


5. The paper does not state that ultimate recovery 


can be correlated only with the group Shee It does 
cos 


say that “although the same variables control ultimate 
recovery as control breakthrough recovery the variables 
must be combined in a different manner.” This is in- 
deed one of the fundamental points of the paper. From 
the cross plots of the data (for example see Fig. 4), it 
can be seen that cos © affects B. T. recovery and ulti- 
mate recovery in opposite directions. Therefore, it is 
difficult to see why the two recoveries should be plotted 
against identical coefficients. It does not follow that 
y/cos © need have physical meaning to appear thus in 
the coefficient. Cos © is dimensionless whether it ap- 
pears in the denominator or numerator. There is, how- 
ever, physical meaning to the concept that ultimate re- 
covery varies with cos © in the manner shown in Fig. 9 
for the range of wettability of these tests, which mean- 
ing is discussed in the paper and is also presented by 
Bethel. ° 
The authors should point out that the column headed 
P, (cm Hg) in Table 4 is in error and the correct 
values appear in the errata of this volume, page ii. 
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TECHNICAL NOTE 2 5 6 


SIMPLIFIED FORM of the MATERIAL BALANCE EQUATION 


G. W. TRACY 
JUNIOR MEMBER AIME 


D 


The material balance equation has been used for 
many years by engineers to determine reservoir per- 
formance. The use of this equation in general has been 
twofold: first, to determine the oil-in-place in a res- 
ervoir; and second, to predict the future performance. 
The Schilthuis form of the material balance equation, 
or one equivalent to it, has been used by many of the 
engineers. The use of the Schilthuis form in predict- 
ing future performance has proved to be laborious in 
that one generally must make several estimates at each 
step of the trial and error calculation before arriving at 
a check of the oil-in-place. 


A method is presented for expediting the calcula- 
tions. The Schilthuis form of the material balance has 
been rearranged into a more useable form. In using 
the material balance to predict the future performance 
of a reservoir, it has become common practice to esti- 
mate the incremental oil production for each step of 
the calculation which corresponds to a given pressure 
reduction. Instead of estimating the incremental oil 
production, the method outlined in this paper better 
lends itself to estimating the instantaneous gas-oil ratio. 
A check of oil-in-place is more easily accomplished by 
estimating gas-oil ratio since it is less sensitive to small 
inaccuracies. This method incorporates the same self- 
checking feature inherent in the Schilthius form. 


DEVELOPMENT OF SIMPLIFIED EQUATION 


In the development of the simplified equation, the 
Schilthuis form of the material balance equation will 
be used. 

(Ca, = BY) Cel] — 
N= 


U, 
(U — U,) + M—(« — «,) 


x 


where U= 6+ (S, — S)x 

G 

n 


== 
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STANOLIND OIL AND GAS CO. 
TULSA, OKLA. 


Substituting in Equation | for U, U,, and r, and 
rearranging terms 


a 


a oc 

In Equation 2, the cumulative oil production (7) is 

multiplied by a factor which is uniquely a function of 

pressure. Also, the cumulative gas production (G) and 

net water influx are also multiplied by factors which 


are a function of pressure alone. These factors are 
called (¢.), (¢.), and (¢,) and are defined as follows: 


Rl 


Using these factors, Equation 2 becomes 
Ne Go, — (Ww) 
The equation in this form is easier to manipulate 
mathematically than any of the previous forms which 
have been used. Sources of data for the pressure fac- 
tors and are a bottom-hole fluid analysis and 
the ratio of initial gas cap volume to oil volume in the 
reservoir. 


AID IN DETERMINING THE ORIGINAL 
OIL-IN-PLACE 


Each of the curves ¢,, ¢,, and $y, have a similar 
shape. Each is infinite at the bubble point pressure. As 
the pressure is reduced below the bubble point, the 
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o 
l 
3 
=, 


$n 


PRESSURE FACTOR 
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RESERVOIR PRESSURE, paia 


Fic. 1 — O1L PRESSURE FACTOR VS RESERVOIR 
PRESSURE. 


value of the functions reduces rapidly. To illustrate 
this fact, in the example which will be cited later, the 
values of ¢,, ¢,, and ¢, are infinite at the bubble point 
of 1,690 psia. When the pressure is reduced to 1,600 
psia, the values of ¢,, $,, and ¢, are as follows: ¢, = 
36.60, d, = 0.40, and d,. = 58.56. 


Because of the rapidly changing nature of these fac- 
tors near the bubble point pressure and the fact that 
the average reservoir pressure is seldom known pre- 
cisely, an accurate determination of oil-in-place when 
the reservoir pressure is near the bubble point is seldom 
reliable. This is a characteristic of all estimates of oil- 
in-place from material balance calculations. 


The shapes of $, and ¢, curves are of such nature 
so as to decrease constantly as pressure decreases. The 
values of these functions are always positive. The shape 
of the ¢, curve is somewhat more unique. At low pres- 
sures, this factor becomes negative. Once ¢, becomes 
negative, it will continue to decrease as pressure de- 
creases. With still greater reduction in pressure, this 
factor reaches a minimum numerical value after which 
the value increases. At atmospheric pressure, the value 
of ¢, is a small positive number. Figs. 1 and 2 illustrate 
the shape of these curves. 


As can be seen from Equation 3, the error in oil-in- 
place that would result from erroneous pressure meas- 
urements is a function of the slopes of the pressure 
factor curves. This fact makes the determination of 
oil-in-place unreliable in the early life of a reservoir 
by means of material balance calculations. However, 
after the reservoir pressure is reduced to the point 
where the slopes of the pressure factor curves are less 
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steep, the oil-in-place can be determined with reasonable 
precision. 

The following equation will indicate the error in 
oil-in-place that could be expected from an error of 
1 psi in the measurement of static pressure: 

Error in N = n(edn) + Gled,) — 

In fields where repeated material 
are necessary, the pressure factors could be plotted as 
a function of pressure and filed for future use. With 
such factors having been calculated previously, the cal- 
culation of the oil-in-place would be only a few min- 
utes job after having determined the average reservoir 
pressure and the production data. 


AN AID IN THE PREDICTION OF 
FUTURE PERFORMANCE 


Up to this point, we have referred to Equation 3 
primarily as a tool for determining oil-in-place. If this 
were its only use, very little would be gained by using 
this simplified form. The calculations of future per- 
formance can be simplified considerably by using a 
revised form of Equation 3. To accomplish this revision, 
consider some of the equalities which are normally 
used in predicting future performance. 

n, = ni + An 
G, = Gi. + AG 


Substituting these equalities in Equation 3 and as- 
suming no water influx or water production, 
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Fic. 2 — GAs AND WATER PRESSURE FACTORS VS 
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CALCULATION SHEET | — PREDICTION OF FUTURE PERFORMANCE FOR DEPLETION DRIVE OPERATIONS 


1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) ~— (12) (13) (14) (15) (16) (17) (18) 
n 
(Esti 
STi- r ¢ G ¢ ag An 
P mated) n “iran (6)4(7) 1.0—(8) (3) x (5) (4)4(10) (997001) 9, x 15) aL 
1100 0.0895 
900 450 389 0.818 0.0352 0.0732 0.565 0.6382 0.3618 14.01 14.83 0.0244 0.1139 0.8861 1.168 1.035 .720 .840 
700 550 499 0.284 0.0256 0.0322 0.658 0.6902 0.3098 12.77 13.05 0.0238 0.1377. 0.8623. 1-143 0.986 .686 -806 
500 650 608 0.0142 0.0202 0.0020 0.763 0.7650 0.2350 12.28 12.29 0.0191 0.1568 0.8432 1.118 0.943 .656 776 
SOLUTION OF LIQUID 
SOLUTION OF PREDICTION EQUATION SATURATION EQUATION 
(19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) 
K, AG 
g Bg G + 4G ig in N 
(From Curve) (19) X (20) (21) + (22) 2 (12)x(24) (26)x(5) (13)x(4) (27) + (28) 
345.0 16.052 
0.046 8410 386.7 60.8 447.5 396.2 9.667 25.719 9.905 0.093 0.998 
0.072 7160 515.2 50.5 565.7 506.6 12.057 37.776 0.967 0.039 1.006 
0.105 6030 633.4 40.2 673.4 619.5 11.832 49.608 1.002 0.002 1.004 
SOLUTION OF GAS-OIL 
RATIO EQUATION SOLUTION OF MATERIAL BALANCE EQUATION 
Column Column 
No. Explanation °. Explanation 
(1) Reservoir Pressure (18) Liquid Saturation 
(2) Estimated Instantaneous Gas-Oil Ratio (see Column 23) (19) Relative Permeability of Gas to Oil 
(3) Average Gas-Oil Ratio (20) Conversion Factor 
(4) Oil Pressure Factor (21) Free Gas-Oil Ratio 
(5) Gas Pressure Factor (22) Solution Gas-Oil Ratio 
(12) Incremental Oil Production (23) Calculated Instantaneous Gas-Oil Ratio (see Column 2) 
(13) Cumulative Oil Production (24) Average Gas-Oil Ratio 
(15) Reservoir Volume Factor (25) Incremental Gas Production 
(17) Oil Saturation (29) Original Oil-in-Place For Checking Consistency of Calculations 


N Pn Ge Pn (24) be An 


It has become common practice to use the original 
oil-in-place (N) as 1 bbl of stock tank oil. This prac- 
tice simplifies the calculations. Substituting N = 1 in 
the above expression and solving for An, the following 
equation is determined: 


(Ch) 


(4) $s 

It can be seen that only two unknown quantities are 
in Equation 5. These quantities are the incremental oil 
production (An) and the instantaneous gas-oil ratio 
(7,). All of the other factors are either known from the 
previous step of the calculations, production data, or 
are functions of pressure. 

In the past it has been the practice of estimating the 
incremental oil production An and solving for a com- 
patible vaiue of the gas-oil ratio. A check of the esti- 
mate of An is made by calculating the original oil-in- 
place. By estimating the instantaneous gas-oil ratio (r;), 
a final check of N = 1 will be accelerated as compared 
to estimating An. This is true because the gas-oil ratio 
is a factor which is much less sensitive to small varia- 
tions. In fact, a variation of 10 per cent in estimating 
r, will result in a difference of approximately 5 per cent 
in the calculated value of An. However, if An is esti- 
mated and a variation of 10 per cent is made, the cal- 
culated gas-oil ratio will be different, approximately 20 
per cent, and throw the calculations four times as far 
out of balance. 

As a further aid in the problem of calculating future 
performance, the engineer should maintain a current 
plot of the instantaneous gas-oil ratio and average res- 
ervoir pressure versus cumulative oil production. Once 
the trend in these variables is established, an extrapola- 
tion of these curves will aid in the estimation of the 
instantaneous gas-oil ratio for the next step. 


An = 
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It has been found that a check of the oil-in-place is 
the most difficult early in the problem. After two or 
three steps, the number of attempts which are necessary 
to effect a check of the oil-in-place is usually reduced 
to one or two. It should be pointed out that if the cal- 
culation is started at the bubble point pressure, the 
terms n,-, and G,-, are both equal to zero for the first 
step below the bubble point. 


SAVIN CAN IL (CW) INI 


The production history for an originally saturated 
reservoir is as follows: 


Cumulative Gas 
Millions bbls at 
14.7 psia and 60°F 


Cumulative Oil 
Thousand STB 


Pressure, psia 


1690 0 0 

1600 398 38.6 
1500 1570 155.8 
1100 4470 803.0 


The calculated pressure factors from bottom-hole 
sample data are as follows: 


dn 
1600 .60 0.400 
1500 14.30 0.179 
1100 2.10 0.0508 
CALCULATION OF OIL-IN-PLACE 
n G G N 
Bbls Bbls "dn STB 
1600 0.398 X 10° 38.6 X 108 14.32 x 108 15.42 x 10° 29.74 x 10% 
1500" 1-57, 108" 15528) 1105922) 45 27285' 50:3 


It can be seen that the original oil-in-place in this 
reservoir is approximately 50 million bbls. The calcula- 
tion at 1,600 psia is a good example of the sensitivity 
of such a calculation near the bubble point pressure. 
Since the last two calculations agree so well, the first 
calculation is probably wrong. If the pressure were 
1,620 psia rather than 1,600 psia, as is indicated, the 
oil-in-place would have calculated to be 50.4 million 
bbls. Since it is doubtful that reservoir pressure is 
known within 20 psi, the original oil-in-place must be 
approximately 50 million bbls. 


CALCULATION OF FUTURE PERFORMANCE 

The calculation of the future performance of a reser- 
voir involves the solution of three simultaneous equa- 
tions which are as follows: 

A. Material Balance Equation: 1 = nid, + Gig, 

B. Liquid Saturation Equation: o, = oy. + 


il = 
il = = 


K 
C. Gas-Oil Ratio Equation: r,; = F( = ) aS 


K, 
The method of calculation outlined in this paper uses 
one additional equation: 


+ 


The procedure to be followed in solving the above 
equations is shown on Calculation Sheet 1. 

Also included is a portion of the future performance 
for the same reservoir cited above, starting with the 
conditions at 1,100 psia and progressing to 500 psia. 


D. Prediction Equation: n = 


N = Original oil-in-place, STB 
n = Cumulative oil production, STB 
G = Cumulative gas production, barrels at 14.7 
psia and 60° F 
U = Volume of 1 STB of oil and its originally 
dissolved gas at reservoir conditions, di- 
mensionless ratio 
U, = Volume of 1 STB of oil and its originally 
dissolved gas at bubble point pressure, di- 
mensionless ratio 
r, = Cumulative net produced gas-oil ratio, di- 
mensionless ratio 
S = Solution gas-oil ratio, dimensionless ratio 
S, = Solution gas-oil ratio at bubble point pres- 
sure, dimensionless ratio 
a = Volume of 1 standard cu ft of gas at 
reservoir conditions, dimensionless ratio 
«xe = Volume of 1 standard cu ft of gas at 


reservoir bubble point conditions, dimen- 
sionless ratio 


B= Volume of 1 STB of oil at reservoir 
pressure, dimensionless ratio 
B. = Volume of 1 STB of oil at bubble point 


pressure, dimensionless ratio 
K,/K. = Relative permeability of gas to oil 
[1o/ [ug = Relative viscosity of oil to gas 
W = Cumulative water influx, barrels 
w = Cumulative water production, barrels 


Pe & 
M = Ratio of original gas cap volume to original 
oil volume 


ow = Connate water saturation 
oL = Liquid saturation 
An = Incremental oil production between two 
values of reservoir pressure, STB 
AG = Incremental gas production between two 
values of reservoir pressure, barrels at 
14.7 psia and 60° F 
; = Instantaneous produced gas-oil ratio, dimen- 
sionless ratio 
r, = Average produced gas-oil ratio between two 
values of reservoir pressure, dimensionless 
ratio 
(edn); (ez); (ebw) = Slopes of Pressure Factor Curves 


+ 


Subscript , refers to conditions at pressure being in- 
vestigated. 


Subscript ;, refers to conditions at immediate previous 
pressure step in calculation; hence, the conditions at 
each step are always known either from having just 
been calculated or from measured data. 


All values of gas-oil ratio and production data are 
measured at surface conditions. 


The author wishes to thank the management of 
Stanolind Oil and Gas Co for permission to publish 
this technical note. kak 
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TECHNIGAL NOTE 


AN INVESTIGATION of the USE of the SPECTROGRAPH 
for CORRELATION in LIMESTONE ROCK 


BASIC PROBLEM OF 
CORRELATION 


In many areas where carbonate 
rocks form important parts of the 
stratigraphic sequence, stratigraphers 
have experienced varying degrees of 
difficulty in differentiating and cor- 
relating limestone and dolomite units 
in both surface and subsurface work. 
With early Paleozoic rocks of the 
Mid-Continent, insoluble residues 
yield a remarkable amount of strati- 
graphic data and relatively good 
correlations may be carried over 
broad distances.’ Unfortunately, nei- 
ther such information nor electric 
logs and radioactive logs have been 
particularly helpful in interpreting 
the limestone sections of the Permian 
Basin of West Texas. This is be- 
cause: (1) the variations in the sec- 
tions may be very slight; (2) no 
completely satisfactory method of in- 
terpretation has been developed; and 
(3) the measurements themselves are 
not sensitive enough for small varia- 
tions. Also, such logs are influenced 
by the fluid content. 


Paleontology and micro-paleontol- 
ogy remain the ultimate arbiters. As 
a routine tool, however, paleontol- 
ogical examination is slow and tedi- 
ous. Chemical analysis may be used, 
but this, too, is extremely slow. Al- 
though rocks are not classified ac- 
cording to chemical composition, 
there is considerable variation with 
rock types. Correlation by chemical 
composition has two advantages, 
first, the characteristics determined 
are subject to minimum human error 
and interpretation, and secondly, the 
lithologic changes are not masked by 
fluid content as in the case of elec- 
tric and radioactive logs. Some fos- 
sils concentrate certain elements 
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which tentatively might be used to 
date rock units.’ 

Rapid chemical analysis by spec- 
trographic means could be used as 
an adjunct to other means employed 
in correlation work, or might, in it- 
self, present a suitable method. 


PURPOSE OF THIS 
INVESTIGATION 


Sloss and Cooke’ have published 
data concerning spectrographic anal- 
ysis of limestone rocks specifically 
for purposes of direct correlation of 
a single formation. These authors 
found satisfactory evidence that dif- 
ferences in percentage of four ele- 
ments (Mg, Fe, Al, and Sr) in the 
Mississippian limestones of northern 
Montana were useful in carrying out 
correlation of this formation over a 
distance of approximately 50 miles. 
It was concluded from the prelim- 
inary work that the spectrochemical 
method offered possibilities of solu- 
tion of some problems of correlation 
heretofore not possible. Since the 
work of Sloss and Cooke’ was con- 
fined to one particular limestone 
zone, extension of the use of the 
method to examine two or more 
geologic formations would aid mate- 
rially in the over-all problem of cor- 
relation of such rocks. 


Equipment is now available com- 
mercially with which very rapid 
spectrographic analyses may be made, 
and hence the problem was to deter- 
mine whether the variations existing 
in the minor constituents of lime- 
stones were sufficient for use in pos- 
sible correlation. Qualitative and 
semi-quantitative investigations were 
made to determine whether signif- 
icant changes in the chemical condi- 
tion occurred. It was a further pur- 
pose to investigate the geologic time- 
boundaries to see whether significant 
chemical variation could be found 
corresponding to the paleontological 
breaks. 

It was desirable to attempt corre- 
lation of a thick section of limestone 


or dolomite rock and to have as 
much information as possible on the 
section. Furthermore, it was felt that 
examination of formations more dif- 
ficult to correlate by other means 
would enhance the value of the 
method should definite points of cor- 
relation be found. Samples were 
chosen from the Chapman-McFarlin 
Cogdell No. 25 well in the Cogdell 
field, Kent County, Tex., and from 
the General Crude Oil Co., Coleman 
No. 193-2 well in the Salt Creek 
field, Kent County, Tex. These fields 
belong to the famous series of 
“Canyon” reef fields of West Texas. 
Cores from the above wells were 
available from the United States 
Geological Survey, Austin, Tex. 


THE SPECTROGRAPHIC 
METHOD 


The choice of procedure to be fol- 
lowed in this investigation was based 
on the anticipated requirements pe- 
culiar to the problem. Since the 
problem was primarily to investigate 
the possibilities of applying the spec- 
trograph to problems of correlation 
in thick carbonate sections, a precise 
quantitative analysis did not appear 
necessary. A qualitative analysis to 
show the possible absence of pres- 
ence of any element, or a semi-quan- 
titative analysis of the elements pres- 
ent to show the relative changes in 
magnitude of selected elements was 
required. Both types of analysis were 
employed. 

The two most widely applied 
methods of semi-quantitative esti- 
mates are those of Harvey’ and of 
Slavin*’ though various other proce- 
dures have been described.” While 
the Harvey method has been mod- 
ified by Addink,’ this refinement did 
not seem necessary to the present 
problem. 

Essentially, the procedure em- 
ployed is a variation of the total en- 
ergy method of Slavin with two ex- 
ceptions: (1) stressing matrix effect, 
and (2) using densitometer measure- 
ments. As measured by a densito- 
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meter, the readings on the line will 
not give line intensity alone, but the 
intensity of the line plus background, 
since there is a continuum superim- 
posed over the line itself. Hence, it 
becomes necessary to correct for the 
background in order to get a true 
evaluation of net line intensity or 
detectability.*” 


METHOD OF THIS 
INVESTIGATION 


Samples from the two wells were 
furnished by the Austin Section, Geo- 
logical Div., Fuels Branch, United 
States Geological Survey. Portions of 
the sampled cores from the Chap- 
man-McFarlin well in the Cogdell 
field had been crushed for chemical 
analysis and for acid insoluble res- 
idue studies. 


SAMPLE PREPARATION 


Samples representative of 630 ft 
of section from the Chapman-Mc- 
Farlin Well 25 were available in 
crushed form. Material from each 
10 ft interval was mixed together, 
yielding 63 samples for analysis. 
About 200 gm of the crushed sam- 
ple was reduced to about 1 gm by 
the usual cone and quarter method. 
It was ground with a small agate 
mortar and pestle until homogeneity 
was ensured and the bulk of the 
sample reduced to about — 150 mesh. 
Although the sample should be re- 
duced to about — 150 mesh, it should 
not be passed through a sieve since 
the use of ordinary brass sieves may 
introduce copper, zinc, lead, and tin 
in detectable quantities.” After grind- 
ing, the samples were dried for an 
hour at 105° C. After this they 
were loaded into small capsules, 
capped, and placed in a convenient 
tray ready for analysis. 


WEIGHING SAMPLES AND 
LOADING ELECTRODES 


After the samples were powdered, 
dried, and capsuled, 10 mg were 


Sample No Fitton Date 

Ele Line Observ Ele Line Observ Ele Line Observ 
Cd 2288.0 Sb 2877.9 Cd 32611 
As 22881 Si 28861 6 Sn 32623 
Be 23486 Bi 29383 Sb 3267.5 
As 2349.8 Go 29436 Ag 32807 
Be 24945 Ca 29973 Zn 32823 
B 2496.8 Fe 30206 No 33023 
Si 2516.1 Ge 30391 Ag 33829 
P 2535.6 Bi 30677 Zr 33920 
Hg 2536.5 Ba 3071 6 Cd 34037 
(2554.9 Al 3082 2 Co 3405.1 
Mn 2576 Z Cb 3094 2 Ni 34148 
Ge 265! 2 Be 3030 4 K 34464 
Cb 2716.6 Mo 3132.6 Co 3453.5 
Mg 2781 4 Mo 3170 3 Sr 34646 
Mo 2816.2 vy 3185 4 Ti 36535 
Pb 28331 Li 3232 6 Sc 42468 
Sn 28400 Y 32423 Cr 42543 
As 28605 Cu 32475 


Fic. 1—QUALITATIVE SPECTRO- 
GRAPHIC ANALYSIS DATA SHEET. 
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weighed from each vial. A Heussen 
gold assay balance, sensitive to 1/300 
mg, was found to be quite satisfac- 
tory. A 10 mg sample of powdered 
high purity graphite, obtained from 
cuttings of the graphite electrodes, 
was weighed and added to the sam- 
ple and the two were mixed thor- 
oughly. The mixture was then poured 
into the electrode with the aid of a 
small spatula and quillbrush. 


The loaded electrode was then 
placed in a desiccator to keep at- 
mospheric moisture from the sample 
until it was arced in the spectro- 
graph. 


SPECTROGRAPHIC METHOD 
OF ANALYSES 


The spectrograph used was a 112 
m unit having a grating of 24,400 
lines per inch and was manufactured 
by Applied Research Laboratories, 
Glendale, Calif. After arcing of the 
samples the exposed film was devel- 
oped under carefully controlled con- 
ditions which yielded reproducible 
clear and sharp spectral lines. After 
processing, the films were dried in 
the usual manner and were examined 
in a densitometer and filed for future 
reference. 


EXAMINATION OF FILMS: 
QUALITATIVE 


Ahrens” and others®” have de- 
scribed the elements most likely to 
be found in limestone rocks. A chart 
was made arranging the elements in 
order of increasing wave length to 
facilitate analyzing the film. Various 
revisions were made to fit the par- 
ticular situation. 


Some elements (Au, Hf, U, Th, Pt, 
Os, Pd, Rh, Ir, Ru, W, and others) 
virtually never are present in detect- 
able amounts; these could most prob- 
ably be studied best by first employ- 
ing some chemical means of con- 
centration. 


Fig. 1 shows the final form which 
was used for the qualitative exam- 
ination. It would probably be suit- 
able for other limestones. Lines of 
36 elements were sought. Elements 
(such as iron, magnesium, and sil- 
icon, because of their relatively high 
concentration and/or their high sen- 
sitivity) could easily and positively 
be identified by one line. In other 
cases, the elements were less easily 
identified and two or more lines were 
examined in order to establish their 
presence. Elements falling in this 
group were columbium, berylium, 
and arsenic. 


EXAMINATION OF FILMS: 
QUANTITATIVE 


The method described by Harvey’ 
was used in calculating the semi- 
quantitative values. In the choice of 
elements on which to make esti- 
mates, several factors must be con- 
sidered: (1) the quantity and/or the 
sensitivity of the element had to be 
such that accurate readings could 
be taken, (2) lines should be free 
from interference of nearby lines of 
another element, and (3) the back- 
ground must be reasonably uniform 
and have sufficiently high transmis- 
sion, viz, 80 to 95 per cent. 

The only elements, other than 
those of the main constituent (cal- 
cium carbonate), which met these 
requirements were aluminum, iron, 
manganese, copper, chromium, mag- 
nesium, and silicon. Semi-quantita- 
tive determinations were made for 
all of these with the exception of 
silicon and magnesium. In the case 
of silicon, it was felt that no sub- 
stantial contribution to correlation 
would be gained by its determina- 
tion. An evaluation of the magne- 
sium content was not made because 
the sensitivity factors for suitable 
lines were not available. 

A carefully constructed calibration 
curve which was available for this 
research” aided greatly the separate 
determination of the selected ele- 
ments in each sample. 


RESULTS 


The results of the qualitative and 
semi-quantitative analyses are pre- 
sented in graphical form in Fig. 2. 
As can be seen, a considerable va- 
riation in composition was found 
throughout the section of each of the 
two wells studied. In addition to the 
elements used for correlation, the 
following elements were found in all 
samples: Ag, As, B, Be, Bi, Ca, Cb 
(or (Nb), Co, 
and V. 

While the accuracy of the semi- 
quantitative method is plus or minus 
30 to 50 per cent, little inconsistency 
was evident. This can be seen readily 
when comparing the relative varia- 
tions in manganese and iron. Geo- 
chemically, these elements occur to- 
gether and variations in one should 
be reflected by the other. Such was 
found to be the case with only a 
few exceptions. Thus, a usable log 
can be obtained without resorting to 
more time-consuming methods to as- 
certain the magnitude of concentra- 
tion with high precision. Aluminum, 
copper, and chromium are less close- 
ly related geochemically to iron and 
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so would not be expected to follow 
so Closely the same trends. 

The aluminum content is indica- 
tive, to a degree, of the amount of 
clay or weathered material present. 
This is especially evident at the base 
of the Canyon formation found in 
the Chapman-McFarlin Cogdell No. 
25 well. Here, a 60 ft section has 
been interpreted by the U. S. Geo- 
logical Survey” as being material 
which has been eroded and redepos- 
ited. Such material would be ex- 
pected to contain a relatively large 
amount of clays. The high aluminum 
percentage in the lower part of this 
zone tends to confirm this supposi- 
tion. The presence of relatively high 
percentages of titanium are further 
evidence in support of this view- 
point. 

Chromium seems to be a good 
“marker” element. It is particularly 
useful in observing changes in rock.” 
Copper was used to register any 
other changes which might not be 
reflected by variations in the other 
elements. 


The reef is generally considered 
to be entirely of Canyon age. After 
exhaustive paleontological study, the 
U. S. Geological Survey determined 
that the reef was actually a part of 
three formations, viz, the Cisco, the 
Canyon, and the Strawn. The divi- 
sion of the reef into these units may 
also be deduced from the spectro- 
graphic analysis. 

A rather good correlation is ob- 
tainable on the basis of variations in 
manganese, aluminum, copper, and 
chromium content. It is to be noted 
that the percentage of chromium and 
copper was in the order of magni- 
tude of 10% to 10° per cent while 
that of iron, manganese and alum- 
inum was reported to 10° to 10° 
per cent. At the base of the Cisco 
(from paleontological studies) there 
is a decided decrease in all the above 
elements followed by a sharp in- 
crease in concentrations of each at or 
near the top of the Canyon. Accom- 
panying these changes are marked 
increases of titanium also. A very 
definitely correlatable zone occurs 
midway in the main body of the 
Canyon section as evidenced again 
by substantial increases in all five 
elements. 

Although these changes in concen- 
tration are not as pronounced in the 
General Crude Oil Co., Coleman No. 
193-2 well, the trend is noticeable. 
Near the base of the Canyon or top 
of the section designated as Strawn 
another good corrélation point is 
apparent. Particularly large increases 
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Fic. 2 — RESULTS OF SEMI-QUANTITATIVE AND QUALITATIVE ANALYSES. 


of aluminum (with attending in- 
creased concentration of titanium), 
and correspondingly varying amounts 
of copper and chromium were no- 
ticed. Though iron and manganese 
content of samples from the Chap- 
man-McFarlin Cogdell No. 25 well 
followed this pattern, no similar in- 
creases were observed in the General 
Crude Oil Coleman 193-2 well. How- 
ever, the presence of titanium again 
gave good confirmation to the cor- 
relation at this zone contact. The 
shortened section of the entire geo- 
logic section would be considered to 
affect adversely any correlation, and 
yet satisfactory comparison can be 
made. 

Such evidence could be of great 
use since these breaks were not rec- 
ognizable in other logging methods 
used on the well. From information 
secured from the U. S. Geological 
Survey these breaks were not evident, 
except by paleontological means, in 
any part of the reef fields. The aver- 
age percentage of all five of these 
elements (Mn, Fe, Cu, Al, and Cr) 
taken together is about 0.13 per cent. 
Chemical analyses made by the U. S. 
Geological Survey indicate that the 
magnesium content averaged 1 to 
2 joie Gani. 

In the qualitative examination, it 
was found that nickel quite frequent- 
ly was detectable. Provided the sam- 
ples had been handled in the same 
manner, this might possibly indicate 
the presence or absence of oil, since 
nickel has been reported by Gold- 
schmidt™ as characteristically asso- 
ciated with oil. Other elements often 
associated with oil are vanadium, 
copper, silver, molybdenum, and 
tungsten. All but the last two were 


found to be present. If this relation- 
ship is true, then these elements 
could possibly be used to determine 
the more highly saturated oil zones. 


The method showed that it pos- 
sessed the necessary sensitivity to 
chemical changes to be of use for 
correlation purposes. In fact, the cor- 
relations shown in Fig. 2 make it 
possible to carry out more detailed 
examination of certain zones within 
the broader geologic sections. 


Fig. 3 and Fig. 4 show the cor- 
relation obtainable on each of the 
wells examined utilizing results of 
chemical analyses obtained during 
investigations carried out separately 
by the U. S. Geological Survey office 
in Austin. It is immediately apparent 
that the variations in concentration 
of the elements detectable by spec- 
trographic analysis and the changes 
in concentration of the elements most 
commonly determined follow a rather 
definite pattern. Two zones of high 
degree of dolomitization occur in the 
Chapman-McFarlin well at 6,250 to 
6,255 ft and 6,420 ft while lesser 
amounts of dolomite were deter- 
mined at 6,358 to 6,363, 6,535 to 
6,540 and 6,855 to 6,860 ft. Al- 
though these thin streaks of dolomite 
are not developed in the General 
Crude Oil Co. well, the changes in 
composition reflected by the spec- 
trographic analysis help to character- 
ize the corresponding zones in the 
two wells. It is also interesting to 
note the rather close agreement in 
the iron content determined analyt- 
ically (on the acid soluble residue) 
and reported by the U. S. Geological 
Survey study and that obtained by 
the spectrographic method employed 
in this investigation. 
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Electrical model studies have been made of the effect 
of unsymmetrical vertical fractures on production ca- 
pacity. The study was restricted to the case of two 
vertical fractures originating at the well and extending 
out into the reservoir for various distances and orienta- 
tions. The ratio of the short fracture length to the long 
fracture length was varied from 0.1 to 1.0 in successive 
studies. The angle separating the two fractures was 
varied from 0 to 180 degrees. 

The most effective fractured patterns were obtained 
when the fractures were oriented 180 degrees. It was 
found that when the total fracture length was equal to 
0.2 of the drainage radius, the increase in production 
capacity may vary from approximately 1.55 to 1.95, 
depending upon the ratio of the short fracture length 
to the long fracture length and the angle separating the 
two fractures. If the total fracture length were 0.5 of 
the drainage radius, production capacity increases vary- 
ing 1.95 to 2.65 were observed, depending on the angle 
hetween the fractures and the ratio of the short frac- 
ture length to the long fracture length. 

The fractured well production capacity decreased ap- 
proximately I to 10 per cent as the angle separating 
the fractures was varied from 180 to 90 degrees. It was 
dependent on the particular fracture. 


1References given at end of paper 4 
Manuscript received in Petroleum Branch office on May 19, 1954. 
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The commercial application of reservoir fracturing 
techniques has caused an interest to be expressed in 
the effect of vertical and horizontal fractures on pro- 
duction capacities. Some data have indicated that sub- 
stantially vertical fractures may be created in some 
reservoirs. It is believed that the fractures are possibly 
unsymmetrical, that is, one fracture may extend due 
north 100 ft and a second fracture on the opposite 
side of the well may extend south or southeast only 
50 ft. The total fracture length, ratios of the lengths 
and angles of separation may vary considerably. For 
this reason variations in these factors were considered. 
The study was restricted to the case of two vertical 
fractures originating at the well and extending out into 
the reservoir. It is not known that such will occur in 
a reservoir, but the results may be of value in interpret- 
ing or studying fracturing applications. 


An electrical model was used in this study of the 
effect of unsymmetrical vertical fractures on produc- 
tion capacity. A wooden tank 30 in. in diameter and 
approximately 2 in deep was coated with paraffin wax. 
A copper band was situated at the periphery and a 
single wire electrode was positioned at the center of the 
tank. The ratio of the reservoir radius divided by the 
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well radius was equal to 240. The tank was filled to a 
depth of approximately 1 in with a dilute salt solution. 
(See inset of Fig. 1 for a top view of the apparatus.) 


An electrical potential was applied to the copper 
band situated at the periphery of the vessel and the 
single wire well in the center. The flow of current or 
resistance was measured for this particular system. Two 
vertical copper sheets were fastened to the wire well 
to simulate two vertical fractures which night originate 
at the well and extend out into the reservoir for various 
distances. In separate experiments the ratios of the 
length of the short fracture to the long fracture were 
varied from approximately 0.1 to 1.0. 


The angle separating the two fractures was varied 
from 0 to 180 degrees in 30 degree intervals. At each 
position the flow of current or system resistance was 
measured and compared with that using only the wire 
well. The data obtained from such a study indicate 
the increases in steady-state production capacity which 
may be expected in fracturing uniform homogeneous 
reservoirs where the resistance to flow in the fracture 
is negligible compared with that in the matrix. For 
reference on electrical models for perforation studies 
see McDowell and Muskat* and Howard and Watson’. 


DISCUSSION AND CONCLUSIONS 


Fig. 1 shows the effect of unsymmetrical vertical 
fractures on production capacity. The abscissa shows 
the angle separating the fractures; the ordinate shows 
the production capacity of the fractured well divided 
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by the production capacity of the unfractured well. The 
upper family of curves in the figure shows the results 
obtained when the total fracture lengths, that is, the 
sum of the short fracture plus the long fracture, were 
equal to 0.667 of the drainage radius. The center and 
lower groups of curves were obtained when the total 
fracture lengths were 0.333 and 0.200 of the drainage 
radius, respectively. 


It will be noted that when the total fracture length 
was 0.667 of the drainage radius, the short fracture 
length divided by the long fracture length 0.2, and the 
angle separating the fractures 180 degrees, an increase 
in production capacity by a factor near 3.15 was ob- 
served. If the short fracture was rotated so that the 
angle of separation was 150 degrees, the production 
capacity was near 3.14. When the short fracture was 
90 degrees to the long fracture, a production capacity 
of 3.05 was observed. As the angle of separation be- 
came zero the production capacity was indicated to be 
near 2.8. Note that when the angle is zero degrees, the 
increase in production capacity is that which would 
be observed for a single vertical fracture whose length 
is that of the long fracture. For this particular fracture 
combination there appears to be very little difference in 
production capacity regardless of whether the angle of 
separation is 180 or 150 degrees. However, if the angle 
of separation is between 0 and 90 degrees there may be 
considerable decrease in the effectiveness of the frac- 
ture to increase the production capacity. When the 
angle separating the fractures was near 180 degrees 
and the two fractures were of the same length it will 
be noted that a production capacity increase of 3.05 
was observed. For 90 and 0 degrees separation pro- 
duction capacities of 2.87 and 2.25 were observed, 
respectively. 

The center family of curves shows the increase in 
production capacity when the total fracture length was 
equal to 0.333 of the drainage radius. It will be noted 
that for the case in which the short fracture length 
divided by the long fracture length was 0.1, and the 
angle separating the fractures was 180 degrees, a pro- 
duction capacity of 2.37 was observed. The production 
capacity decreased to approximately 2.32 when the 
angle separating the fractures was 90 degrees. At zero 
degrees separation a production capacity of 2.25 was 
observed. It will be noted that a production capacity 
between 1.73 and 2.37 would be expected if the total 
fracture length were near 0.333 of the drainage radius. 
The exact production capacity would depend on the 
ratio of the short fracture length to the long fracture 
length and the angle separating the fractures. 


The lower family of curves in Fig. 1 shows the 
changes in production capacity that were observed when 
the total fracture length was 0.200 of the drainage 
radius. For the case in which the short fracture length 
divided by the long fracture length was 0.1, and the 
angle separating the fractures was 180 degrees, a pro- 
duction capacity increase of near 1.95 was observed. 
When the angle separating the fractures was 90 degrees 
a production capacity of 1.93 was observed. A pro- 
duction capacity of 1.87 was observed when the angle 
separating the fractures was zero degrees. For the case 
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in which the “short” fracture length divided by the 
“long” fracture length was equal to 1.0, and the angle 
separating the fractures was 180 degrees, a production 
capacity of near 1.93 was observed. The production 
capacity decreased as the angle separating the fractures 
decreased. A minimum was observed for zero degrees 
separation. 


Fig. 2 is a cross plot of the data shown in Fig. 1. 
The abscissa shows the ratio of the short fracture length 
divided by the long fracture length and the ordinate 
shows the production capacity of the fractured well 
divided by the production capacity of the unfractured 
well. The upper family of curves in Fig. 2 shows the 
changes in production capacity that were observed when 
the total fracture length was maintained at 0.667 of 
the drainage radius. These data show that the produc- 
tion capacity decreases from approximately 3.2 to 3.05 
as the ratio of the short fracture length to the long 
fracture length varies from near zero to 1.0, and the 
angle between fractures is 180 degrees. It will be noted 
that a decrease in production capacity is expected if 
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the angle of separation becomes less than 180 degrees. 
The center and lower family of curves show the changes 
in production capacity for the case in which the total 
fracture lengths are near 0.333 and 0.200 of the drain- 
age radius, respectively. 

Fig. 3 shows the effect of unsymmetrical vertical 
fractures on production capacity for the case in which 
the short fracture length divided by the long fracture 
length is equal to 0.4. The abscissa shows the total 
fracture length divided by the drainage radius. The 
total fracture length is the sum of the short and long 
fractures. The ordinate shows the increase in produc- 
tion capacity of the fractured well. Note that if the 
total fracture length is near 0.200 of the drainage radius 
that a production capacity increase between 1.74 and 
1.95 may be expected, the former occurring for the 
case of zero degrees angle of separation, and the latter 
occurring for the case of 180 degrees separation. If 
the total fracture length is near 0.5 of the drainage 
radius production capacities between 2.3 and 2.65 may 
be expected, depending upon the angle of separation. 
It should also be noted that over the range in which 
data are presented there is a very rapid increase in 
production capacity for fracture lengths up to 0.2 of 
the drainage radius, after which the slopes of the curve 
change and the increase in production capacity is less 
sensitive to fracture length within certain limits. 


Fig. 4 shows the effect of unsymmetrical vertical 
fractures on production capacity when the two frac- 
tures are of the same length. For the case in which 
the total fracture length is 0.2 of the drainage radius 
it is noted that production capacities varying from 
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near 1.55 to 1.95 may be expected, depending upon 
the angle of separation. If the total fracture length 
is near 0.5 of the drainage radius production capacities 
varying from 1.95 to 2.65 would be expected. 


The data which are presented herein show the in- 
creases in production capacity which may be expected 
by the creation of two vertical fractures at a well. 
The production increases are those which may be 
expected for the case of uniform homogeneous res- 
ervoirs producing under steady-state conditions. The 
resistance to flow in the fractures is considered to be 
negligible compared with that in the matrix. It is real- 
ized that few, if any, actual reservoirs will possibly 
conform to the flow under such ideal conditions. It is 
also desired to point out that after fracturing, the drain- 
age radius in an actual reservoir may change and may 
not conform to the circular boundary used herein. 
Consequently, it is suggested that these data which 
are presented here be applied with caution when en- 
deavoring to estimate reservoir performance of frac- 
tured wells. 
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CALCULATION of STABILIZED GAS WELL PERFORMANCE CURVES 
from BACK PRESSURE TEST DATA 


DAVID CORNELL 
JUNIOR MEMBER AIME 


ABSTRACT 


Back pressure test data on natural gas wells are short 
time test data of unsteady state nature. Performance 
curves from which unsteady state effects have been 
eliminated, called stabilized performance curves, are 
necessary for understanding the behavior of gas wells 
and for scheduling gas fields for periods up to 20 years. 
A calculation procedure has been developed whereby 
three day, seven day, 30 day, or other duration stabil- 
ized performance curves may be calculated from back 
pressure test data. Such curves are essential for correct 
gas deliverability calculations and gas field scheduling. 


The manner in which a back pressure test is made 
will affect the slope of the back pressure curve because 
the radius of drainage changes with the length of time 
that the well is allowed to flow. The reciprocal of the 
slope of the back pressure curve is defined as n in Equa- 
tion 1 and varies from 0.5 to 1.0. 

If the flow is viscous and the radius of drainage con- 
stant, n will have a value of 1.0. Because of turbulence 
in the formation near the wellbore, the pressure drop is 
usually greater than the viscous flow pressure drop and 
the exponent n is frequently less than 1.0. In addition, 
since the radius of drainage moves away from the well- 
bore during the test, the gas flows a greater and greater 
distance as the test proceeds, with a resulting increased 
pressure drop at the high flow rates, and, again, n for 
the test tends to be less than 1.0. 

The effect of the changes in the radius of drainage 
may be calculated and the results used in preparing 
stabilized performance curves for fixed values of the 
radius of drainage. Such curves can be made for a defi- 


1References given at end of paper. F 
Revised manuscript received in Petroleum Branch office on Jan. 
13, 1956; original manuscript received Aug. 27, 1953. 
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nite time period, such as three day, seven day, or 30 
day stabilized performance curves. These curves will 
show the effect of turbulence near the wellbore and can 
be used to predict the performance of the gas well at 
any flow rate or for any production period. 

In order to discuss the importance of the radius of 
drainage quantitatively, it should be defined. Muskat’ 
defines the radius of drainage as follows: “... the radius 
of drainage gives the distance from the well to which the 
approximately steady state condition has been estab- 
lished ...it being assumed that no gas is removed from 
any point until the radius of drainage has passed that 
point.” An equivalent definition of the radius of drain- 
age is that radius at which the extrapolated portion of 
the steady state portion of the pressure gradient gives 
a pressure equal to the shut-in reservoir pressure. This 
definition is also implied in the back pressure equation. 
The radius of drainage is, then, the distance into the 
reservoir from which the gas appears to originate at any 
time. It is, however, only a useful concept and does not 
actually exist. Fig. 1 illustrates the definition of the 
radius of drainage. At the end of each flow period the 
radius of drainage may depend on three factors: (1) 
the duration of each flow period; (2) the rate of gas 
production; and (3) the rate and duration of the pre- 
vious flow periods. 

In general, back pressure tests are conducted with 
various lengths of production time and at various flow 
rates. Each individual back pressure test, therefore, re- 
quires an individual analysis. 


The calculations of the change in the radius of drain- 
age have been made, however, for the case of equal flow 
periods for all four production rates and several sets of 
increasing flow rates. Fig. 2 illustrates the results of such 
calculations made by the method of Cornell and Katz* 
for the case of 8, = 50,000 and the flow rate increasing 
in the ratio 1.0:2.0:3.0:4.0 for each flow period. The 
increase in the radius of drainage during the test is 
apparent. 
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Fic. 1 — DEFINITION OF THE RADIUS OF DRAINAGE. 


————__—_——— Actual Reservoir Pressure Gradient. 
Extrapolated Steady State Gradient. 
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Fic. 2 — COMPUTED RESERVOIR PRESSURE GRADIENTS 
FOR FOUR SUCCESSIVE FLOW RATES SHOWING THE 
CHANGE IN THE EXTRAPOLATED RADIUS OF DRAINAGE. 
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Fic. 3 — COMPUTED CORRECTION FACTORS FOR BACK 
PRESSURE TEST DATA WHICH ACCOUNT FOR THE CHANG- 
ING RADIUS OF DRAINAGE DURING THE TEST. 
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The calculations are a solution of the basic partial 
differential equation for unsteady state radial flow. 


00 or’ 

A constant average value of pressure was used in the 
Kp/@ term of Equation 2. Equation 2 also implies 
a constant average value of viscosity and compressibility 
factor. Boundary conditions of a constant flow rate, an 
infinite reservoir, and an initial pressure gradient the 
same as the final pressure gradient of the preceding flow 
rate were used. 

Table 1 shows the results of a series of such calcula- 
tions for three values of ©; and three ratios of the flow 
rates to the first flow rate. Fig. 3 shows the plotted cor- 
rection factors for values of ©, of (1)(10*), (1) (10°), 
and (1)(10°) and flow rates increasing in the ratios 
and 1022.0. 


APPLICATION TO BACK PRESSURE TEST DATA 

Example No. 2, of the back pressure test data given 
by the Railroad Commission of Texas’ will be consid- 
ered. The flow periods are of nearly equal duration, 
being 180, 200, 180, and 190 minutes long. The produc- 
tion rates increase in the ratio 1.0:1.6:2.2:3.8. The 
value of ©, is estimated to be (5.57) (10°). Accordingly, 
the correction factors for the values of (p: — p,.) 
observed are interpolated from Fig. 3. Table 2 shows 
the values. 

The steady state flow equation has been found pre- 
viously® to be: 

(p: — ps’) = 9.37(In-ra/ Tw) QO 

Plots of Equation 3 are called stabilized performance 
curves instead of back pressure curves to indicate that 
unsteady state effects have been eliminated. 

The original back pressure test data and the back 
pressure test data corrected for the changing radius of 
drainage as shown in Table 2 are also included in Fig. 4. 
The corrected data now fall on a line of constant radius 
of drainage with the exception of the third data point 
which is considered to be in error. The third data point 
is not consistent with the unsteady state flow calcula- 
tions. 

The data corrected for changes in the radius of drain- 
age now permit the estimation of the effects of turbu- 
lence, if any. If Equation 3 had not been available, an 
equation of the type shown by Equation 4 could have 
been fitted to the corrected back pressure test data by 
the method of least squares. 

Equation 4 could then be used to draw the performance 
curves in Fig. 4. 


CALCULATION OF THE THREE DAY 
STABILIZED PERFORMANCE CURVE 


The performance curve based on the first rate of flow 
in the example problem is the three hour performance 
curve since the first flow period was 180 minutes. Pre- 
viously developed unsteady state calculations’ may be 
used to find, for example, the three day performance 
curve. The value of ©, in the case of the three day 
stabilized performance curve would be (1.337) (10'). 
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TABLE 1 — FACTORS TO CORRECT (p,?-P.”) VALUES TO THE RADIUS OF 
DRAINAGE AT THE END OF THE FIRST FLOW PERIOD 


8 m r/r In(r_/r_) correction 
w ad 

factor 
(1) (104) 0.010 166 §.112 1.000 
(2) (104) 0.010 240 5.480 0.933 
(3) (104) 0.010 290 5.670 0.902 
(4) (104) 0.010 330 5.799 0.882 
(1) (104) 0.010 166 1.000 
(2) (104) 0.015 212 5.356 0.954 
(3) (104) 0.020 239 5.476 0.934 
(4) (10%) 0.025 263 5.572 0.917 
(1) (104) 0.010 166 5.112 1.000 
(2) (10%) 0.020 203 Seis 0.962 
(3) (104) 0.030 228 5.429 0.942 
(4) (104) 0.040 246 5.505 0.929 
(1) (108) 0.010 520 6.254 1.000 
(2) (10°) 0.010 790 6.672 0.937 
(3) (10°) 0.010 960 6.867 0.911 
(4) (10°) 0.010 1,100 7.003 0.893 
(1) (10°) 0.010 520 6.254 1.000 
(2) (105) 0.015 668 6.504 0.962 
(3) (10°) 0.020 755 6.627 0.944 
(4) (10°) 0.025 815 6.703 0.933 
QQ) (10°) 0.010 520 6.254 1.000 
(2) (10°) 0.020 638 6.458 0.968 
(3) (10°) 0.030 710 6.565 0.953 
(4) (10°) 0.040 770 6.646 0.941 
(1) (108) 0.010 1,660 7.415 1.000 
(2) (10°) 0.010 2,400 7.783 0.953 
(3) (10%) 0.010 2,900 7.973 0.930 
(4) (10%) 0.010 3,300 8.102 0.915 
(1) (10°) 0.010 1,660 7.415 1.000 
(2) (10°) 0.015 2,120 7.659 0.968 
(3) (108) 0.020 2,390 7.779 0.953 
(4) (10%) 0.025 2,630 7.875 0.942 
(1) (108) 0.010 1,660 7.415 1.000 
(2) (10°) 0.020 2,030 7.616 0.974 
(3) (108) 0.030 2,280 7.732 0.959 
(4) (10°) 0.040 2,460 7.808 0.950 


TABLE 2 — EXAMPLE CORRECTION OF BACK PRESSURE TEST DATA TO A 
CONSTANT RADIUS OF DRAINAGE 


Flow Duration Q Q/Q Correction (Pe-P.") 

Period Minutes Mcf/Day 1 Factor Observed 

1 180 3,710 1.0 1.000 248,000 

2 200 5,980 1.6 0.965 421,000 

3 180 8,181 PAG 4 0.950 567,000 

4 190 14,290 3.8 0.940 1,123,000 
(p,*-P.”) (p,-P.*) 
corrected corrected 
three-hour three-day 


performance curve performance curve 


248,000 311,000 
406,000 509,000 
539,000 708,000 
1,060,000 1,286,000 


This value of ©, corresponds to a value of ra/r, of 
about 6,000. Values of (p,; — p,’) and Q can be cal- 
culated from Equation 2 and plotted as the three day 
stabilized performance curve as shown in Table 2 and 
Fig. 4. The seven day or 30 day performance curves 
can be found in the same way. 


CON CLEUSEONS 


The procedure for calculating three day, seven day, 
and other duration stabilized performance curves from 
back pressure test data has been developed and the use 
of the method illustrated with a typical problem. Sta- 
bilized performance curves are useful in calculating gas 
well deliverabilities and in scheduling production from 
gas fields. 


C = empirical constant 
h = thickness of producing formation, ft 
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3 DAY STABILIZED 
PERFORMANCE CURVE = 
B 3 HOUR STABILIZED | 
PERFORMANCE CURVE 
= 
© ORIGINAL DATA 
+ CORRECTED DATA 5 
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Fic. 4 — STABILIZED PERFORMANCE CURVES FOR A 
NATURAL GAS WELL. 


K = permeability, md 
(1,424) (z) (Q) 
(h) (K) 


n = reciprocal of the slope of the back pressure curve 
P;: = shut in formation pressure, psia 

p, = bottom-hole pressure, psia 

Q = production rate, Mcf/day at 60°F and 14.7 psia 
r = radius, ft 

¥, = radius of drainage, ft 
ry = effective wellbore radius, ft 


T = absolute temperature, °Rankine 
z = average compressibility factor 
yj. = average viscosity, cp 
¢ = fractional porosity 
§ = time, minutes 

(y) (@) 
© = dimensionless time, ———— 

(Tw) 
(4.39) (10°) (K) (p) 

, (sq ft) / (min) 


(1) 
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A SUBSURFACE FLOWMETER 


R, C. RUMBLE 
MEMBER AIME 


To meet the need for a subsurface flowmeter capable 
of measuring low rates of flow, a new type flowmeter 
has been built and tested in the field. This instrument 
is self-contained, can be run on a wire measuring line, 
and may be run through*2-in tubing. It consists of a 
rotameter flow-measuring assembly used in conjunction 
with a conventional subsurface instrument clock and 
chart. Integral with the tool is an inflatable packer 
which, by effecting a seal between casing and tool, 
diverts all fluid through the metering assembly. Packers 
of different size adapt the tool to different sizes of 
casing or liner. The flowmeter is capable of measuring 
rates of flow as low as 4 B/D. 

The flowmeter has been run experimentally in seven 
wells. It has yielded satisfactory results in five of the 
wells, and in the other two it failed to operate because 
of loose sand in the hole. 


OUN 


One of the oldest problems facing the producing 
branch of the petroleum industry is the location of 
depths of entry of fluid into a wellbore and the deter- 
mination of the amount of fluid entering at each depth. 
This problem is often encountered in oil and gas wells 
completed in single producing horizons as well as in 
multiple pays; it is a common problem in oil wells 
which produce excessive volumes of gas. 


Several subsurface instruments designed to detect and ~ 


meter flow in the producing interval of wells have been 
described in the literature.””** Most of these, however, 


Manuscript received in Petroleum Branch office on Sept. 10, 1954. 
Paper presented at Petroleum Branch Fall Meeting in San Antonio, 
Oct. 17-20, 1954. 


References given at end of paper. 
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were apparently intended for use in wells producing at 
relatively high rates of flow, and consequently lack sen- 
sitivity to low flow rates. Because of this and of other 
possible disadvantages inherent in these instruments, 
development of the subsurface flowmeter described in 
this report was undertaken. 


DESIGN REQUIREMENTS 


In considering the requirements for a flowmeter that 
would not be subject to the limitations of devices exist- 
ing at the time work was started, attention was first 
given to the size of the tool. Such an instrument should 
be of sufficiently small diameter that it could be lowered 
readily in 2-in tubing in a producing well. The flow- 
meter should contain a recording unit so that it might 
be run on a wire measuring line with conventional reel- 
ing equipment. It should not be too long to be accom- 
modated by a portable lubricator of the type used for 
running conventional subsurface instruments. The meter- 
ing mechanism of the flowmeter should not be affected 
appreciably by the viscosity or density of the flowing 
fluid. 

Such an instrument should record flow rates in the 
range from less than 10 B/D to over 100 B/D. To 
achieve this, a packer should be provided to divert 
through the instrument all fluid flow in the wellbore. 
This packer should be of such nature that in the event 
of excessive flow the fluid would bypass the instrument 
instead of forcing it up the wellbore. 


GENERAL DESCRIPTION 


A flowmeter incorporating most of the desired fea- 
tures outlined above was developed and built. The in- 
strument is an elongated tubular device terminated on 
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FLOWMETER. 


its upper end by a fishing neck to which the support- 
ing wire line is attached. The upper portion of the 
instrument, shown schematically in Fig. la, is the 
metering and recording assembly. Metering of the fluid 
flowing in the well is accomplished by means of a 
modified rotameter, or variable-area meter, through 
which fluid flowing upward raises a bob or float to 
a height unique for the particular rate of flow. A time 
record of the height of the float above its initial or 
rest position is made by a stylus that moves vertically 
with the float and contacts a rotating chart mounted 
in the conventional clock and chart mechanism used 
in Humble bottom-hole pressure and temperature 
gauges. 

The packer assembly, or lower portion of the flow- 
meter, is shown schematically in Figs. 1b and ic. This 
portion of the instrument attaches directly to the lower 
end of the metering and recording assembly. The 
packer assembly includes at its upper end a thin rubber 
packer mounted on a hollow collapsible mandrel. The 
packer is enclosed in a metal sleeve to protect it from 
abrasion when the flowmeter is lowered into the well 
through the tubing. After the flowmeter has reached 
the lowest depth at which a measurement is desired, 
and after the elapse of a predetermined interval of 
time, the sleeve around the packer is retracted auto- 
matically and the packer is freed for inflation and 
setting at the desired depth. The packer may then be 
filled with well fluid and set by slackening of the wire 
line. After sufficient time has elapsed for a flow meas- 
urement to be made, the packer may be collapsed and 
unsealed by raising the instrument. Then it can be reset 
by slackening the wire line at successively higher levels 
for as many flow measurements as desired. After meas- 
urements have been completed, the flowmeter may be 
brought back into the tubing and to the surface with 
no difficulty. 
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DETAILS OF INSTRUMENT 
SIZE 


The flowmeter is approximately 7% ft long and, 
when the packer is enclosed in its protecting sleeve, 
has a maximum outside diameter of 1546 in. The record- 
ing and metering assembly accounts for about 2% ft 
ot the total length, and the packer assembly for the 
remainder. The weight of the instrument is roughly 
40 lbs. Since the instrument is somewhat larger than 
a conventional subsurface pressure gauge, it requires 
a slightly larger lubricator than that used in subsurface 
pressure work. 


METERING AND RECORDING ASSEMBLY 


A rotameter was selected for the metering element 
because it can be easily fabricated with the desired 
sensitivity over a considerable flow range, and above 
this range can pass fluid at very high rates of flow 
without metering it. The rotameter consists of an up- 
right conical chamber in which the float, circular at 
any horizontal cross section and approximating in max- 
imum diameter the neck of the conic chamber, is free 
to seek its level when fluid is directed upward through 
the chamber. The float has a hole concentric with its 
neutral axis so that the float may move freely in the 
chamber along a vertical guide rod mounted centrally 
in the chamber. A rotameter is essentially a constant 
pressure-drop device with the pressure drop dependent 
on the weight, density, and maximum diameter of the 
float. The sensitivity of the device, that is, the amount 
that the position of the float varies vertically for a 
change in flow rate, depends on the taper of the meter- 
ing chamber. The float is shaped to minimize effects 
of varying fluid viscosity on the readings, and by using 
a high-density float the effect of varying fluid density is 
minimized. 

It was decided that for use in a subsurface flow- 
meter the rotameter should give positive indication of 
flow at extremely low rates and should meter flow in 
excess of 100 B/D. To achieve this, the conical shape 
of the rotameter chamber was altered to incorporate 
a short cylindrical section below the conic section, so 
that even a small flow would raise the float the full 
height of the cylindrical section of the chamber. 

The clock and chart mechanism used for recording 
movement of the float must be enclosed in a fluid-tight 
chamber. In order to record the position of the float 
during a flow measurement without resorting to some 
type of packing gland around the linkage connecting 
the float to the chart stylus, use was made of magnetic 
coupling. 

In order to do this, the float is made in modified 
cylindrical form to incorporate a hollow cylindrical 
magnet. It is mounted to slide on a hollow non-magnetic 
stainless steel guide tube fixed along the neutral axis 
of the rotameter chamber. A small solid cylindrical 
follower magnet, similar in length to the float magnet, 
was installed inside of the guide tube. This follower 
magnet, to which is attached a thin, light, aluminum 
tube terminated by a stylus, aligns itself to the height 
of the outside magnet when the two magnets are polar- 
ized oppositely. The bottom end of the guide tube is 
sealed against the well pressure, and the upper end, 
through which the stylus rod projects, opens into the 


| | | 
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clock case. The stylus rod projects up inside the rotat- 
ing chart case and records on the chart the height 
of the metering element as a function of time. The 
stylus rod is prevented from rotating with the chart 
by three projecting arms, each with bearings which 
are free to move only longitudinally in a slotted sta- 
tionary member which also projects up into the chart 
case. The stylus projects through a fourth slot in this 
slotted member. 

With this arrangement, flow rates of as low as 4 bbl 
of liquid per day are perceptible, and a rate of 125 
B/D gives a stylus movement of 5 in. Flow rates be- 
tween 4 and 125 B/D give displacements of the float 
which are almost linear with flow rates. In this range 
of flow the pressure drop across the metering element 
is equivalent to about 5 in of water head. This pres- 
sure drop increases as the rate of flow exceeds about 


PACKER ASSEMBLY 


The packer used to divert all flow through the rota- 
meter chamber consists of a preformed football-shaped 
bladder made of thin oil-resistant rubber. Packers of 
different diameters are used for different pipe sizes. 
The packer is attached by ring-shaped clamps at its 
ends. One clamp is fixed to the end of a hollow mandrel 
projecting through the bladder along its neutral axis. 
The other clamp slides along the mandrel. Inside the 
bladder, six thin stainless steel springs about 14 in 
long connect the two clamps, with their ends hinged 
to the clamps. These are mounted equally spaced about 
the packer mandrel. Ports in the mandrel are so ar- 
ranged that when the packer clamps are telescoped 
slowly the springs first bow outward and draw well 
fluid through the ports to fill but not stretch the packer. 
Further telescoping covers the mandrel ports and sub- 
jects the entrapped fluid to compression, which causes 
the packer to assume a toroidal shape when not con- 
fined by a wellbore. In a borehole the packer thus 
forms an effective low-pressure seal between instru- 
ment and wellbore. On the flowmeter this rubber form 
is folded about the mandrel and is protected by a hollow 
enveloping cylindrical metal sleeve when the instrument 
is lowered into the well. 

A spring-loaded dashpot filled with a viscous silicone 
fluid serves as a timer which, after a preselected time 
interval, triggers a release. This release allows the well 
pressure to force the protecting sleeve down off the 
packer, which action in turn causes a set of three de- 
pendently acting dogs to project out from the instru- 
ment. These dogs are mounted below the packer man- 
drel and, when released, prevent further lowering of 
the bottom section of the instrument in the wellbore. 
After the dogs have been released and contact the well- 
bore, any slackening of the wire line supporting the 
instrument causes the packer section to telescope, thus 
effecting a seal between instrument and wellbore. Fluid 
flowing in the wellbore is diverted through ports into 
the rotameter chamber for measurement. 

If the flow rate in the well is greater than about 160 
B/D, the pressure drop across the rotameter equals 
the pressure drop which the packer will withstand, and 
fluid by-passes the packer. This feature was incorporated 
intentionally so that high flow rates would not blow 
the instrument up the hole. Should measurements of 
rates greater than about 125 B/D be required, the 
rotameter may be modified to accommodate them with 
no alteration of the packer. 
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INJECTION FLOWMETER 


In order to adapt the flowmeter for measurement of 
downward flow in wellbores, a special metering section 
was made which is interchangeable with the metering 
assembly described above. In a conventional rotameter 
the force tending to restore the metering float to its 
initial or lower-most position is the force of gravity. 
In a rotameter suitable for measurement of downward 
flow an inverted conical chamber must be used, and 
some constant force acting upward must be applied to 
the float. In the metering assembly designed for down- 
ward flow, this constant restoring force is obtained from 
the buoyant force imparted to a plastic cylinder totally 
immersed in mercury. This force is transmitted by a 
thin rod linkage joining the plastic cylinder to the float. 
The deviation from constancy of this force with position 
of the totally immersed plastic cylinder is equal to the 
variation of the buoyant force acting on the thin rod, 
and, percentagewise, this is a small portion of the total 
buoyant force. 


135 BPD 
120 BPD 
=> 
(=) 
oO 
Lu 
= 
(ae 
a 
= 
a 
WELL WELL ON 
> 
SHUT IN GAS LIFT 


+—_—____ 
ELAPSED TIME 10 Min. 


a Packer set 

b Packer unseated 

c Packer set at higher level 
d Packer unseated 


Fic. 2 — CHART-FLOWMETER SURVEY OF OIL WELL ON 
Gas LIFT. 
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In the field operation of the instrument, a chart is 
inserted in the clock case and the clock is wound and 
returned to its case. In inserting the clock an iden- 
tifiable mark of some sort is made at the initial posi- 
tion of the stylus, and the exact time is recorded. Then 
the dashpot is cocked by removing the instrument nose 
and retracting the dashpot piston to its extreme posi- 
tion. After the time has been recorded, the instrument 
nose is replaced, and the instrument is lowered in the 
well in the manner used in lowering bottom-hole pres- 
sure instruments. When the instrument has reached a 
depth equal to or greater than the lowest survey point 
desired, the reel brake is set and the instrument is kept 
at this level until the required time interval has elapsed 
for the dashpot to trigger the packer sleeve release. 
Flow rate readings are then taken at the desired depths 
by first raising the instrument in turn to each desired 
depth and then slackening the line. A line tension indi- 
cator is used to ascertain correct functioning of the 
dogs. The record, then, is like a vertical bar graph, 
with the widths of the bars indicating reading time 
durations, and the heights of the bars indicating flow 
rates. 


RESULTS OBTAINED WITH FLOWMETER 


Tests made in the laboratory in which the flowmeter 
was placed in a plastic pipe of 8-in diameter showed 
that the packer inflated satisfactorily and would sup- 
port a pressure differential across it of as much as 
2 ft of water. Additional laboratory tests made by 
flowing water through the plastic pipe at known rates 
demonstrated that the rotameter section operated suc- 
cessfully. The results of the latter tests were used in 
the calibration of the tool. 


In the use of the subsurface flowmeter in the field, 
runs have been made in seven wells in six fields. These 
runs have been made under a variety of well conditions 
and have served to reveal limitations of the tool as well 
as to demonstrate its potentialities. 


Runs made in one of the seven wells were for the 
purpose of testing operation of the tool under optimum 
well conditions. A chart obtained during a run in this 
well is reproduced in Fig. 2. The well, which produces 
oil by gas lift, is completed through perforations in 
stub liner set inside S'2-in casing. The tool was run 
through 2-in tubing while the well was shut in and 
was stopped in the casing at a depth of about 5,950 ft, 
which was a short distance below the bottom of the 
tubing and above the top of the stub liner. The well 
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was then placed on production by gas lift at a rate of 
approximately 130 BOPD, and the packer was set. 
After sufficient time for a flow reading had elapsed, 
the packer was unseated by raising the tool several 
feet. Then it was reset at the higher level. 


The flow rates indicated by the chart were about 
135 B/D at the first setting, and about 120 B/D at 
the second setting. The time intervening between the 
two settings was about 10 minutes. It is not certain 
whether the difference in the two indicated rates was 
real and due to heading of the produced fluid, or 
whether the difference was due to instrumental causes. 


The runs made in the other six of the seven wells 
were for the purpose of diagnosing well performance, 
rather than for checking operation of the flowmeter 
itself. The six wells included one water injection well, 
which provided an opportunity for use of the modifica- 
tion of the flowmeter designed for measurement of 
downward flow. In four of the six wells the results 
were satisfactory from the standpoint of yielding the 
information sought on well behavior. In the other two, 
loose sand was encountered which fouled the tool so 
badly that it would not operate. Since it is anticipated 
that loose sand will be found in many wells in which 
subsurface flow measurements are desired, measures are 
being taken to minimize difficulties from this source. 


SUMMARY 


In summary, the subsurface flowmeter embodying a 
rotameter flow measuring element and an _ inflatable 
packer which diverts all flow through the rotameter 
has proved to be reasonably successful in the field. 
It has been run experimentally in seven wells and has 
yielded information valuable from the operating stand- 
point in five of the seven wells, encountering difficulties 
because of loose sand in the other two wells. 
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METASTABLE EQUILIBRIUM in the DEW POINT 
DETERMINATION of NATURAL GASES in the HYDRATE REGION 


RIKI KOBAYASHI 
JUNIOR MEMBER AIME 
DONALD L. KATZ 
MEMBER AIME 


The dew point of natural gas which has been in 
equilibrium with gas hydrates has been reported to be 
lower than that obtained for natural gas in equilibrium 
with water’’. Hammerschmidt’ reports a lowering of 
the dew point of 13° F for a natural gas in equilibrium 
with hydrate at 38° F and 525 psi. Records and Seely’ 
likewise show that the dew point of gas leaving hydrate 
separators is as much as 15° F below the separator 
temperature. 

This paper presents the reasons for the observed 
differences between the equilibrium temperatures and 
the dew point temperatures. Descriptions of the dew 
point determination by the Bureau of Mines and ASTM 
tester’ indicate that the dew point is taken as the tem- 
perature at which liquid water droplets first begin to 
appear on the cooled mirror surface even though the 
temperatures involved are below that required for the 
formation of gas hydrates or ice. 


PRESSURE-TEMPERATURE DIAGRAM FOR 
METHANE-WATER SYSTEM 


Fig. 1 presents a schematic pressure-temperature dia- 
gram for the methane-water system’ for some constant 
pressure between the critical pressures of pure methane 
and pure water i.e., pressures frequently encountered 
in pipeline operations. The possible equilibrium rela- 
tions are shown by the heavy solid lines. Curve AE 
represents the saturated water content or dew point of 
gas in equilibrium with a water-rich liquid solution 
while curve EF represents the dew point of gas in 
equilibrium with hydrates. In addition the dotted line 
DE labelled “metastable dew point” is introduced to 
explain the apparent discrepancy between the dew 
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point determination and gas-hydrate equilibria. Thermo- 
dynamics place certain restrictions on the location of 
line DE’, namely, that (1) the concentration of water 
along the line DE be greater than the concentration of 
water along EF or that the metastable line split the 
angle formed by the intersection of line GE and EF 
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Fic. 1 — SCHEMATIC TEMPERATURE-COMPOSITION 
DIAGRAM FOR METHANE-WATER SYSTEM. 
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Fic. 2 — TEMPERATURE COMPOSITION DIAGRAM OF 
METHANE-WATER SYSTEM AT 900 PSI. 


and (2) that line DE be a smooth extension of line 
AE. Although the section shown in Fig. 1 is for the 
methane-water system, a similar one could be drawn 
for ethane-water or propane water. A lean natural gas 
would be expected to approach the behavior described 
for the methane-water system. Corresponding to ex- 
tension DE of line AE there should exist a metastable 
extension of line AG, which is not shown. 

At temperatures below line GE, at the pressure for 
which the phase diagram is drawn, vapor and hydrate 
are in equilibrium along EF when methane is in ex- 
cess of the theoretical amount required to form the 
hydrate. 


The existence of liquid water on the mirror of the 
dew point tester below EG where gas and hydrate are 
in equilibrium and the reproducibility of the dew point 
require a metastable equilibrium. 


QUANTITATIVE DIAGRAM 


A quantitative diagram of the methane-water system 
has been drawn at 900 psi, Fig. 2, to illustrate the 
difference in the water concentration of the methane 
or natural gas when in contact with hydrate at equilib- 
rium and in contact with liquid water under metastable 
conditions. The actual temperatures are indicated on a 
reciprocal temperature scale. Curve AED represents the 
dew point conditions at 900 psia*. It should be noted 
that the dew point concentrations below the hydrate 
formations temperature correspond to the metastable 
equilibrium. Curve EF of Fig. 2 was obtained by 
applying to the methane-water system the depression 
of the dew point observed by Records and Seely for 
natural gas. 
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Consider the process of contacting a gas in equilib- 
rium with hydrate at temperature T, followed by a dew 
point determination. The water content of the equilib- 
rium vapor at T, (O°F) is x,, (.000024 mole fraction) 
from the hydrate-vapor equilibrium curve. This water 
content, x,, is present in the gas which shows a dew 
point of 7, (—15°F). For the metastable equilibrium 
curve DE, T., the water dew point would be lower than 
T,;, the equilibrium hydrate temperature. 


CONCEUSTONS 


It should be noted that charts which give the equilib- 
rium water content of natural gases as a function of 
temperature and pressure’ are for liquid water-gas equi- 
libria, including the metastable equilibrium when such 
occurs. Hammerschmidt* calculated the fugacity of 
water over hydrate but no other relationship has been 
presented to show the water content of gases in equi- 
librium with hydrate. Such data along with the water 
content charts of natural gas in equilibrium with liquid 
water would give a quantitative verification of the meta- 
stable relationship described. 


Acknowledgment is made of the contribution of 
Professor L. O. Case to the phase rule analysis of this 
problem. 
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TWO ERRORS in PRESSURE MEASUREMENT USING SUBSURFACE GAUGES 


W. J. AINSWORTH 
STUDENT ASSOCIATE AIME 
MURRAY F. HAWKINS, JR. 
MEMBER AIME 


INTRODUCTION 


In all types of subsurface pressure gauges the exten- 
sion which occurs in the pressure-sensitive element is 
a function of the difference between the external (well 
or calibration) pressure and the internal pressure within 
the gauge, rather than a function of the external pres- 
sure only. The internal pressure is near atmospheric and 
depends upon (a) the quantity of air sealed within the 
gauge at the time of calibration or measurement, (b) 
the quantity of moisture (liquid water), if any, sealed 
within the gauge, and (c) the temperature at which the 
calibration or well measurement is made. Part of this 
correction for the change of internal pressure with tem- 
perature is taken care of by the customary temperature 
coefficient of the gauge. However, part of it is not, and 
while this portion may be only a few psi, it is neverthe- 
less predictable or preventable, and should be considered 
in precision measurements. 


ERROR NO. 1 


If air is sealed in the gauge at the same temperature 
and pressure for both the calibration and the well meas- 
urements, the usual temperature correction will take care 
of any difference between calibration and well measure- 
ment temperatures. However, if air is sealed within the 
gauge at temperature 7, and pressure P, at calibration 
but at temperature 7, and pressure P, for a well meas- 
urement, because different amounts of air are sealed 
within the gauge in each case, the internal pressure at, 
or corrected to, calibration temperature 7, will be differ- 
ent by 

where all temperatures and pressures are absolute. The 
calibration temperature is used, and not the well meas- 
urement temperature, because the usual temperature 
correction reduces the well measurements to calibration 
temperature. The correction term as calculated by the 
above equation is separate from, and in addition to, the 
usual temperature correction. 
Example: T, = 540°R, sealing temperature at calibra- 

tion 

P, = 14.7 psia, sealing pressure at calibration 

T, = 460°R, sealing temperature at well 

P, = 14.7 psia, sealing pressure at well 

T. = 660°R, calibration temperature 

AP = 660 [14.7/460 — 14.7/540] = 3.1 psi 
While this error is small even under these somewhat 
maximal conditions, it nevertheless represents a practical 
situation which did occur, and which as a matter of fact 
gave rise to this note. Where AP is positive, as above, 
the correction is added to the measured pressure; where 
negative, subtracted from the measured pressure. This 
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correction should also be considered in successive cali- 
bration runs where the gauge, for example, may be 
warm from a previous calibration at an elevated tem- 
perature. 


ERROR NO. 2 


Where a small quantity of moisture (liquid water) is 
sealed within the gauge at atmospheric conditions, the 
increased vapor pressure of the water at higher well or 
calibration temperatures will cause an increase in inter- 
nal pressure. This moisture will come presumably from 
condensation within the gauge following temperature 
changes, from moisture on the operator’s hands, and 
from atmospheric moisture (rain, mist, fog, etc.). Cal- 
culation shows that approximately 0.2 cc of water 
(three to four drops) is sufficient to saturate the air 
within an Amerada RPG-3 Gauge at 160°F, at which 
temperature the vapor pressure of water is about 5 psia. 
As the vaporization occurs in a sealed volume, the in- 
crease in internal pressure will be in excess of this 5 psi. 
At higher temperatures the pressures will be higher; 
however more water will be required to saturate the air 
within the gauge. 

Some experimental work was carried out with an 
Amerada RPG-3 Gauge at 200°F fitted with a 1,000 
psi element, both with a dry recording chamber and 
with a small amount of water added. The results directly 
proved the existence of the error due to the presence of 
moisture, and, it is felt, indirectly, due to the differences 
in sealing temperatures and pressures, as both effects 
may be ascribed simply to an increase in the moles of 
gas within the recording chamber. 


SUMMARY 


In precision measurements the error introduced by 
sealing the gauge during a well test at a different tem- 
perature and pressure from that of calibration may be 
corrected for by using the equation presented, or it may 
be prevented by taking care always to seal the gauge at 
near calibration conditions. The error introduced by seal- 
ing moisture in the gauge may be prevented by taking 
care to keep moisture out of the gauge, or by removing 
the moisture by either warming or evacuating the gauge. 
Both of these errors are independent of the range of 
pressure measurement and the type of gauge, and are 
in addition to the usual temperature correction. 
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NEW APPARATUS for STUDYING PRESSURE INDUCED FRACTURING in 
REFERENCE to LOST CIRCULATION 


A. J. TEPLITZ 

E. M. POHORILES 
JUNIOR MEMBER AIME 
J. K. RODGERS 


This note is presented in order to call attention to 
a newly developed laboratory apparatus that appears 
to have interesting possibilities for the study of lost cir- 
culation of the pressure-parting type, for a more realistic 
evaluation of sealing materials for this type of loss, and 
for investigation of other aspects of hydraulic frac- 
turing. 

A study of lost circulation, conducted jointly by 
operating divisions of the Gulf Oil Corp. and the Gulf 
Research & Development Co., has been in progress for 
the past few years. Earlier phases of the study dealt 
with mechanical factors contributing to loss of returns 
in laminar type sediments.’ 

One aspect of this type of loss which has been widely 
discussed in the literature and elsewhere concerns the 
geometry of the fractures into which such losses occur. 
This subject is not merely a philosophical one, but has 
an important bearing on procedures for combating lost 
circulation difficulties and on other well operations. 

The further course of the collaborative studies pre- 
viously mentioned has produced some information on 
this subject which, though limited in amount, is believed 
to be significant. In several typical cases of lost circula- 
tion in laminated shale and sand formations, the wells 
have been surveyed with instruments”* capable of detect- 
ing the points of loss with considerable accuracy. These 
wells were located in the Gulf Coast of Texas and 
Louisiana, in the Texas Panhandle, and in the Rocky 
Mountain area. In each of these instances the loss was 
shown to be occurring at some distance removed from 
the bottom of the hole and sharply confined to a very 
narrow interval, less than 1 ft in thickness. 


It is rather difficult to imagine that fractures of a 
vertical nature’ would be of the limited extent indicated 
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by the surveys in these wells. Furthermore, the high 
rates of loss at relatively low pressure differentials 
observed in some of these instances together with the 
narrow intervals involved would appear to require the 
radial flow pattern which would be associated with a 
more or less horizontal fracture plane. 

In view of the foregoing observations and records 
of successful squeeze cementing operations, in attempt- 
ing to construct a laboratory apparatus for simulating 
pressure induced lost circulation, it was decided that 
the design should be based on a horizontal type of 
fracture. 

It was realized that’® the production of horizontal 
fractures in a formation with non-penetrating fluid re- 
quires some mechanism for transmitting vertical com- 
ponents of the hydraulic forces to the plane of parting. 
This was accomplished, as will be evident in the descrip- 
tion of the apparatus that follows, by providing recesses 
in the wall of the borehole which are believed to be 
representative of wellbore configuration found in Gulf 
Coast wells. The possible influence of such borehole 
irregularities on both pressure fracturing and the treat- 
ment of lost circulation appears to have been neglected 
in many studies of these subjects. 


It is believed that the present apparatus, incorporat- 
ing features that take into account some of the factors 
mentioned, will provide means of gaining a further 
understanding of pressure induced fracturing and possi- 
bly for more realistically evaluating the numerous seal- 
ing agents, particularly the non-time-setting materials 
employed in treating the pressure-parting type of loss. 


DESCRIPTION OF APPARATUS 


The test cell used in the laboratory investigations is 
shown in Fig. 1. A schematic diagram of the entire 
system is shown in Fig. 2. 
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Fic. 1 — Losr CIRCULATION TEST CELL. 


The mechanism functions in the following manner: 

A. The test cell is subjected to a load applied by 
the screw jack. The applied load is determined by the 
deflection of the calibrated spring. The force existing 
on the flange faces is readily calculated from the 
applied load. 

B. A two-pen recording gage indicates both the fluid 
pressure in the system and the flange displacement. 
The flange displacement is measured by means of a 
bellows which translates linear movement into pressure. 

C. The mud reservoirs contain the test fluid to which 
various concentrations of lost circulation materials have 
been added. 


D. Oil is pumped into the mud reservoir to displace 
the test fluid. 


The test procedure is to displace the test fluid into 
the cell and bleed off the air in the system. After closing 
the bleed-off valve, pressure is built up until a parting 
of the “wedge” plates occurs. The test fluid containing 
the sealing agents is then continually pumped through 
the system. Throughout the entire test the internal bore 
pressure, wedge plate displacement, time, and volume 
of fluid are recorded. 


DISCUSSION 


The initial tests were made with the flanges butted 
together so that the “wellbore” was flush. With a flush 
bore it was found, as expected, that although filtrate 
from the test fluid would start to seep through the 
flange joint at a relatively low pressure, the flow would 
soon be plugged off by the deposition of a comparatively 
minor quantity of filter cake at the crevice; thereafter 
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the pressure could be raised to values greatly exceeding 
those corresponding to the applied load without parting 
the flange faces. 

The test cell was then modified to provide a simulated 
borehole recess by the introduction of a pair of beveled 
plates between the flanges, and it was found that part- 
ing of the plates could be produced under stress con- 
ditions more nearly conforming with field experience. 
With a non-penetrating fluid, the conditions existing 
when rupture occurs in this apparatus are given by the 


expression: P= 


Where: P = break-through pressure, psi 
L = applied load, pounds 


Df = flange displacement, inches 

Ks = spring constant, pounds per inch of de- 
flection 

A = projected area of bore recess, square 
inches 


In the operation of this apparatus there are obvious 
departures from actual well behavior. A fixed load is 
employed in the apparatus, whereas in well formations 
uniform loading is approached so that the rupturing 
pressure is not dependent on the areal extent of the 
wellbore recess. Furthermore, the combination of the 
difference in loading and the dissimilarity in elastic 
properties of the materials involved would result in 
differences in the mechanism of fracture propagation 
in the two systems. However, the conditions for the 
initiation of rupture are essentially the same in the two 
cases and in some experiments the functioning of the 
apparatus has been made even more realistic by cement- 
ing actual formation cores between the flanges in lieu 
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Fic. 2— SCHEMATIC DIAGRAM OF Lost CIRCULATION 
APPARATUS. 
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of the beveled plates. For this purpose the centers of 
the cores were bored out to conform with the internal 
dimensions of the apparatus and V-shaped rings were 
cut in the bore walls of the cores to provide the recesses 
necessary for horizontal rupture. 

Preliminary results of experimentation with this ap- 
paratus indicate that of the non-time-setting sealing 
agents, the hard granular materials are the most effec- 
tive in stopping losses and that the actual seal occurs 
in the recess itself rather than within the fracture. These 
results suggest that the most efficient method for stop- 
ping such losses is to deposit within the recess a con- 
centrated mass of material with sufficient hardness and 
impermeability to prevent the transmission to the forma- 
tion of the vertical components of the hydraulic forces 
within the borehole. 

The work with this apparatus now in progress is 
expected to lead to other interesting developments on 
the mechanism of pressure induced fracturing. 


The authors wish to express appreciation to the man- 
agement of the Gulf Research & Development Co. for 


permission to publish this paper, and to R. D. Wyckoff 
and T. Bardeen for their contributions in discussions 
that led to the development of the apparatus. 
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MATERIAL BALANCES in EXPANSION TYPE RESERVOIRS 
above BUBBLE POINT 


MURRAY F. HAWKINS, JR. 
MEMBER AIME 


One problem of reservoir engineering is the early 
estimation of the size of newly discovered reservoirs. 
Often these reservoirs are the expansion type in which 
sizeable pressure drops occur incident to the production 
of smail fractions of the oil reserve, above the bubble 
point, and a material balance equation may be solved 
to find the reserve. 

The early form of this equation’ considered only the 
compressibility of the oil. Later Hall’ showed that the 
compressible nature of the formation rock is a signif- 
icant factor in production above the bubble point, and 
he presented a new equation which includes a forma- 
tion (rock) compressibility term. 

This note presents a further extension of the mate- 
rial balance equation as applied to volumetric, unsat- 
urated reservoirs above the bubble point by including 
a term for the presence and compressible nature of the 
interstitial water. 


DERIVATION OF EQUATION 


During a decline in average reservoir pressure, Ap 
= p, — p, the initial reservoir volume V,, will decrease 


1References given at end of paper. 
Manuscript received in Petroleum Branch office on May 4, 1955. 
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to some value V, due to the reduction in pore volume 
as a result of a decline in the hydrostatic pressure with- 
in the formation, and 


The formation compressibility c,; is expressed in terms 
of change in pore volume per unit pore volume per psi. 
Simultaneously the connate water within the formation 


expands from an original volume V,, = S,V,, toa 
new volume V,,, 


The difference [V, — V,,] is the hydrocarbon pore vol- 
ume at pressure p and may be equated to the volume 
of the remaining oil, or 
But the initial oil in place in terms of the initial res- 


ervoir volume, connate water, and formation volume 
factor is 


Dividing Equation 3 by Equation 4 eliminates V,, to 
give, 
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Now defining the oil compressibility with reference to 
the formation volume factor at the lower pressure gives 


B.Ap B. 
{Introducing this equivalent of [B,,/B,] in Equation 5, 
then expanding the expression, and finally dropping all 
Ap terms, because they contain the product of two 
compressibilities, each of the order of 10°, the follow- 
ing equation solved for N is obtained. 


[cp + —Sy(C. — Cy) JAD 
Where the formation and interstitial water compressibil- 
ities are neglected, i.e. set equal to zero, Equation 7 
reduces to the earliest form of the equation, 


N> 


CAP 
Where S,, = O in Equation 7, the equation presented 
by Hall is obtained. 

[cr + 
Finally, a slightly different form is obtained including 
the interstitial water but neglecting the compressibility 
of the water. 


(7) 


[ce + 


OIL, WATER, AND FORMATION 
COMPRESSIBILITIES 


Standing’ presents methods for calculating pseudo 
liquid densities of hydrocarbon systems and states that 
the compressibility of these hydrocarbon liquids below 
300° F can be assumed to be a function of their pseudo 
liquid density at 60° F. He points out that minor dif- 
ferences exist in the compressibilities between liquids 
of the same density but different composition, but are 
not regular enough to take into account. While these 
differences in liquid compressibilities are minor in the 
estimation of formation volume factors and liquid densi- 
ties under reservoir conditions, they appear to be of 
considerable importance in the present application. A 
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Fic. 1 — COMPRESSIBILITY OF HYDROCARBON LIQUIDs. 
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preliminary investigation of oil compressibilities from 
various fields as reported in the literature supports 
this conclusion. Fig. 1 shows the manner in which the 
oil compressibility varies with the liquid density at 
reservoir conditions. The approximate limits shown 
indicate that oil compressibilities are best obtained from 
laboratory analyses and that estimation techniques may 
give considerable error. 

Dodson and Standing’ made a study of the com- 
pressibility of water. Their charts for determining the 
compressibility under reservoir conditions are repro- 
duced in Figs. 2 and 3 from which it can be seen 
that the average compressibility is about 3 x 10° psi” 
but that it varies with temperature and solution gas— 
the latter being itself a function of temperature, pres- 
sure, and water salinity. 

Hall’s study’ of the compressibility of consolidated 
rocks, expressed conveniently in terms of change in 
pore volume per unit of pore volume per psi, indicates 
that the compressibility is fortunately a function only 
of rock porosity and is independent of the type of 
rock. Thus the formation compressibility can be esti- 
mated from the formation porosity using Fig. 4, which 
is after Hall. 


1.00 X 10° STB 
f = 8 per cent porosity 
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Fic. 2— SOLUBILITY OF NATURAL GAS IN WATER 
(AFTER DopsoN AND STANDING). 


PETROLEUM TRANSACTIONS, AIME 


cr =5 X 10° psi* (from Fig. 4) formation com- 
pressibility 
S,, = 30 per cent interstitial water 


c, = 15 X 10° psi, oil compressibility 
Cy = 3 X 10° psi’, water compressibility 
Ap = 500 psi 
a. Initial oil in place neglecting formation and water 
compressibilities. 
1.00 10° 
500 


b. Initial oil in place considering formation compres- 
sibility but neglecting interstitial water compres- 
sibility. 


= 133 MMSTB 


[er + —Sw)IAP 
= = 90.3 MMSTB 
c. Initial oil in place considering oil, water and for- 
mation compressibilities. 
(Gl ING 


C= BAG = 


N= 


Cw) JAp 
Nf = 
[5 10° 10°= 30115 10° = 3X 10) 1500 
= 85.4 MMSTB 


REMARKS 


The example shows the importance of including the 
formation compressibility and the interstitial water in 
material balances on expansion type reservoirs produc- 
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ing above bubble point. It is observed that the effect 
of formation compressibility and interstitial water in 
(a) connected edge or bottom water zones or (b) tight 
or unproductive zones within the gross reservoir, unless 
taken into account, is to produce a calculated reserve 
in excess of that which exists. While tight or unpro- 
ductive zones within the gross reservoir will produce 
very little in radial flow to the wellbores, they will 
nevertheless generally produce water (and/or oil if 
they contain oil) by expansion to the adjacent produc- 
tive zones at near equilibrium conditions unless the un- 
productive zones are of extremely low permeability. 
This is so because of the large cross section offered to 
flow perpendicular to the strata as compared with the 
cross section in radial flow. Where sufficient data exist 
to estimate the extent and porosity of these connected 
water bodies, the material balance can be modified to 
include their effect. The effect of a small but un- 
accounted for water influx from an aquifer also results 
in a calculated reserve in excess of that present. 

The accurate determination of average reservoir 


pressure decline Ap also presents difficulties in (a) 
reservoirs of low permeability and (b) reservoirs which 
have not been fairly well developed. Extrapolation 
methods’*** have been developed for finding static res- 
ervoir well pressures in low permeability reservoirs 
and also for calculating average reservoir pressure in 
bounded reservoirs.’ However, where the pressure is 
not sampled in all portions of the reservoir, as from 
lack of extensive rather than intensive development, 
the calculated reserve, based on the average pressure 
decline in the developed portion of the field, is below 
that which exists. 

While the material balance equation as applied to 
expansion type reservoirs can be extended by the use 
of Equation 7, there are nevertheless a number of addi- 
tional factors which must be considered in evaluating 
the reserve. . 


B,, = oil formation volume factor at pressure p,, 
bbl/STB. 

B, = oil formation volume factor at pressure p, 
bb1/STB. 


c, = formation (rock) compressibility, pore vol- 
ume per unit pore volume per psi. 


| 13 — 


c, = oil compressibility at average reservoir condi- 
tions, above bubble point, psi’. 
Cy = water compressibility at average reservoir con- 
ditions, psi”. 
f = porosity, fraction. 
N = initial oil in place at pressure p;, STB. 
N, = cumulative produced to pressure p, STB. 
p, = average initial reservoir pressure, psia. 
p = average reservoir pressure after producing N, 
barrels, psia. 
=p; — p, psi. 
S,, = interstitial water, fraction. 
= initial formation pore volume, barrels. 
= formation pore volume at pressure p, barrels. 
V,,; = initial volume of interstitial water, barrels. 
V,, = volume of interstitial water at pressure p, 
barrels. 
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DISCUSSION 


F. M. STEWART 
MEMBER AIME 


In developing the material balance for an expansion 
type reservoir above its bubble point, the author uses 
an oil compressibility factor, c,, whose reference is the 
formation volume factor at the “lower pressure.” This 
would be satisfactory except for the fact that the lower 
pressure, i.e., the reservoir pressure corresponding to 
the time for which the balance is to be made, changes 
with production and thus with time. As a result, the 
reference volume factor and c, also change, so that 
a slightly different value for c, is theoretically used in 
the balance for different times. The oil compressibility 
factor so defined is: 

oi 
= (1) 
B, (pi P) 

It would appear simpler to use an oil compressibility 
factor referred to the formation volume factor at initial 
pressure, because initial conditions are usually the start- 
ing point for balances made above the bubble point. By 
this definition: 


(2) 

The material balance using c, defined this way ap- 
pears in “Comparison of Methods for Analyzing a 
Water Drive Reservoir ...”, Trans. AIME (1954), 201, 
199. The balance, with allowance for water production 
and influx, follows, nomenclature changed to agree with 
the list in the Jan., 1955, PETROLEUM TECHNOLOGY. 
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The combined effective compressibility, c;, for oil, 

connate water, and formation, in vol/oil vol/psi, is com- 

puted from the following, using initial pressure as the 
reference: 


Ct 
(4) 

The formation compressibility, c;, in pore vol/psi, 
has been substituted for c,/f in the reference, c, being 
the rock compressibility in pore vol/rock vol/psi. The 
formula for c was written directly by addition of the 
effects due to oil, connate water, and formation, when 
each is written as the compressibility in terms of frac- 


tional oil initially present. 

Frequently, c, is reported on PVT analyses referred 
to the volume factor for bubble point oil. In this case, 
c, referred to B,; may be found by multiplying the re- 
ported c, by B,,/B,i, the ratio of the volume factors of 
bubble point to initial oil. 

Actually, the compressibility of oil above its bubble 
point is not exactly constant for all ranges of pressure. 
Although there is only minor difference between Eq. 3 
above and the balance developed by Hawkins, use of 
Eq. 3 and 4 appears preferable if the balance is made 
from initial pressure. Eq. 3 and 4 could also have been 
developed in a similar manner to that used by Hawkins. 


AUTHOR'S REPLY to F. M. STEWART 


F. M. Stewart is right that the oil compressibility 
used in Technical Note 305 is a function of pressure, 
and which, for full accuracy should be calculated at 
each pressure at which a balance is made. However, his 
Eqs. 3 and 4 cannot be derived from the Note Eq. 
5, as he states, using his Eq. 2 to define oil compres- 
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sibility, but must use the following definition of oil com- 
pressibility, which is also a function of pressure: 
c= B, on By (1) 

— p) 
There appears to be no valid reason for selecting any 
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particular reference pressure in defining oil compressi- 
bility, which is in fact a point function of pressure. 
Stewart’s Eq. 3 is exactly equal to Eq. 5 in Tech- 
nical Note 305. While both contain formation volume 
factors, the latter contains no oil compressibility term, 
which is a function of pressure. The point of defining 
oil compressibility with respect to the lower pressure 
is to obtain an equation containing no formation volume 
factor terms, and Eq. 7 of the Note may be written: 


c(p: — Pp) 
where: 
Cresta) Commit Gar) 
This appears to be the simplest form of the equation 
and is slightly different from both Stewart’s Eq. 3 and 
the Note Eq. 5, because of the dropping of the Ap 
terms in the derivation. aa 
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EFFECT of DRAINHOLE DRILLING on PRODUCTION CAPACITY 


BOBBY L. LANDRUM 
STUDENT ASSOCIATE AIME 
PAUL B. CRAWFORD 
MEMBER AIME 


Electrical model studies have been made of the 
effect of drainhole drilling on production capacity. 
Drain holes are those lateral holes which are sometimes 
drilled to assist in increasing the oil drainage into the 
main wellbore. The studies indicate that if the drainhole 
length is near 0.2 of the drainage radius, the increase 
in production capacity may be approximately 1.8, 2.08, 
and 2.33 for the case of one, two and four drain holes, 
respectively. If multiple drain holes are drilled, shorter 
holes are required to achieve a specific increase in pro- 
duction capacity than if one or two holes are drilled. 
To achieve increases in production capacities by factors 
near three it is shown that the drainhole lengths divided 
by the drainage radii must be approximately 0.64, 0.48, 
and 0.37 for the case of one, two and four drain holes, 
respectively. 


Recent developments in drilling techniques have per- 
mitted the drilling of lateral or horizontal holes to 
increase the rate of production. The number of these 
drain holes may vary from | to 10, and they have been 
drilled laterally as much as 100 ft. Drainhole drilling 
at substantial depths is of recent origin but has been 
used in the Spraberry field of West Texas, the La Pas 
field in Western Venezuela, and certain fields in Cali- 
fornia. The diameter of the drain holes has been 
approximately 6 in. In drilling drain holes it is desired 
to know how much increase in production capacity 
may be expected, what additional benefit may be gained 
by drilling more than one drain hole, and what in- 
crease in production capacity may be brought about by 


Manuscript received in Petroleum Branch office on May 19, 1954. 
Reference given at end of paper. 
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lengthening the existing drain holes. In realization of 
the importance of lateral drilling, electrical model 
studies were made to provide quantitative estimates on 
the effect of drain holes on production capacity. 


ANIN| YES ILS 


An electrical model was used in studying this prob- 
lem. A wooden circular reservoir approximately 30 in. 
in diameter and 2 in. deep was filled with a dilute salt 
solution to a depth of 1 in. A copper band formed the 
periphery of the tank, and a copper wire was inserted 
in the center of the tank to represent the well. The 
drainage radius divided by the well radius was equal to 
500. A diagram of this type model is shown in the inset 
of Fig. 1. An electrical potential was applied to the wire 
well and copper band at the periphery to determine the 
flow of current. Following this measurement copper 
wires of various length were soldered to the vertical 
wire well in such a manner as to simulate lateral wells 
drilled into the reservoir. Multiple lateral holes of va- 
rious lengths were studied by varying the number and 
length of copper wires soldered to the vertical wire well. 
All multiple lateral wells were located symmetrically 
about the vertical well. The effect on production capac- 
ity by drilling an infinite number of lateral holes was 
studied by replacing the lateral hole with a copper disk. 
For each condition the flow of current was measured 
and compared with the flow of the vertical well only. 

The model which is thus described provides the 
steady state increases in production capacity which may 
be expected in some cases. The data conform to those 
which would be observed for a uniform homogeneous 
reservoir. The data may have primary application to 
those reservoirs producing above the bubble point. It is 
realized that few lateral holes are drilled in reservoirs of 
this type, but the data may be of some value in guiding 
future work or aiding to explain observed phenomena. 
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PRODUCTION CAPACITIES 


Fig. 1 shows the effect of drainhole drilling on pro- 
duction capacity. The abscissa shows the length of the 
drain hole divided by the drainage radius. For example, 
if the drain hole were 60 ft in length and the drainage 
radius 300 ft, the value of the abscissa would be 0.2. 
The ordinate shows the production capacity of the well 
with the drain hole divided by the production capacity 
of the well before drilling the drain hole. For example, if 
the steady state production capacity after drilling the 
drain hole were 40 B/D and the production capacity 
prior to drilling were 20 B/D, the value of the ordinate 
would be 2.00. In reviewing Fig. 1 it will be noted that 
if the drainhole length divided by the drainage radius is 
near 0.1 that an increase in production capacity by fac- 
tors near 1.4 to 2.7 may result, depending on whether 
one or an infinite number of drain holes are drilled. If 
two or four drain holes are drilled, increases in produc- 
tion capacities near 1.6 and 1.84 would be expected, re- 
spectively. 


TABLE 1 — SUMMARY AND COMPARISON OF 10 CALIFORNIA DRAINHOLE WELLS* 


If the drainhole length is approximately 50 per cent 
of the drainage radius the expected production capacity 
increases would be 2.66, 3.04, and 3.45 for the case of 
one, two and four drain holes, respectively. 


If the drainage radius were near 300 ft, it will be 
found that the drilling of a single drain hole 60 ft in 
length would result in an increase in production capac- 
ity of approximately 1.8. To drill a second hole of the 
same length would increase the production capacity 
from 1.8 to 2.04. To drill four drain holes, all sym- 
metrically located about the well and each 60 ft long, 
would give a production capacity increase of 2.34. If 
the length of the holes were doubled and the drainage 
radius remained the same, the production capacity 
would be 2.4 for one drain hole and 2.74 for the case 
of two drain holes. Four drain holes would result in an 
increase in production capacity near 3.08. 

Fig. 1 may be used to indicate the length which one 
drain hole must be drilled to give an increase in produc- 
tion capacity equivalent to two or four drain holes of 
shorter length. For example, if four drain holes of 0.1 
the drainage radius were drilled the increase in produc- 
tion capacity would be approximately 1.85. To obtain 
this same production capacity with only two drain holes 
would require lengths of approximately 0.15 of the 
drainage radius. A single drain hole whose length was 
0.21 of the drainage radius would be expected to result 
in the same production capacity. If this were verified 
by field data it might be found more desirable in some 
instances to drill a few long drain holes rather than mul- 
tiple short holes. Field data have been obtained in some 
instances to show the effectiveness of drain holes in 
increasing the production capacity. These data are sum- 
marized in Table 1. Table 1 shows a comparison be- 
tween the actual increase in oil production by drilling 
drain holes and that which might be estimated from 
model data shown in Fig. 1. Data are shown for 10 
different wells. It will be noted that for the case of two 
drain holes that increases in production of approxi- 
mately 2.00 to 2.58 were obtained; whereas, model data 
obtained from Fig. 1 indicates increases near 1.9 
would have been expected. 

For the case in which four drain holes were drilled 
the actual increases were near 1.84 to 3.85; from Fig. 1 
it would be estimated that an increase near 2.18 would 
have been expected. For the case of six drain holes it is 
shown that increases in production capacity near 1.85 
to 3.00 were observed, whereas, the figure would indi- 
cate that an increase in production capacity near 2.3 


Prod. Reported in 


Nearby Corre- Settled Fractional 


Depth Hole Size Drain Holes 
Well Ft In Size, In No. 
i 3700 11 6 2 
2 3550 1135/4 2 
3 3600 11 6 4 
4 3300 10%, 6Ve 4 
5 4800 10%, 6 4 
6 3600 113%, 4 
7 3650 95/5 4 
8 1200 75/g 6 6 
9 3700 4%, 6 
10 3600 11% 8 


Oil Prod., Bbl lating Wells, Increases in 
Daily Bbl Production Capacity 
Init. Settled Daily Actual Model Data** 
90 62 24 2.58 19 
54 +46 25 1.84 2.18 
80 100 26 3.85 2.18 
150 40 2.18 
93 60 25-30 2.18 2.18 
35 1S 5 3.00 2.3 
6 48 26 1.85 2eo 
234 210 70-90 2.62 2.4 


* All drain holes equipped with flexible liners. Wells 8 and 9 are located in San Joaquin Valley; all others in Los Angeles basin area!, 


+ Well had been abandoned as noncommercial. 
Not reported. 


** Actual drain holes were 40 to 50 ft long, all assumed to be 50 ft for comparison with model data. 


Drainage radius = 300 ft, effective approximately 500. 
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could be expected. For the case of eight drain holes an 
increase near 2.62 was observed; Fig. 1 would indicate 
that an increase near 2.4 would be expected. 

In reviewing the comparisons between the actual ob- 
served increase in oil production capacity and that 
indicated by model data it is found that fair agreement 
was observed in some instances. Inasmuch as the actual 
observed increase in oil production was only slightly 
greater than predicted from the model, it should also be 
mentioned that the present well completion techniques 
in these wells are apparently of such nature that little 
damage near the wellbore may be occurring in some 
instances. Fig. 1 shows the increases in production 
capacity which may be expected if the wells are clean 
and no impediment exists near the wellbore. If con- 
siderable damage had occurred through mechanical 
plugging, clay swelling, etc., the variations in production 
capacity by drilling drain holes may have been much 
greater than those shown by Fig. 1. 


DISCUSSION AND CONCLUSION 


Electrical model studies have been made of the effect 
of drainhole drilling on the production capacity. It is 
indicated that if the drainhole length is near 0.2 of the 
drainage radius that increases in production capacity 
near 1.80, 2.06, and 2.34 may be expected for the case 


of one, two, and four drain holes, respectively. It is 
shown that it may be possible to drill one drain hole 
which will result in a production capacity equivalent to 
that of drilling two or four drain holes, provided the 
one drain hole is of the proper length. Comparisons 
have been made of the effectiveness of drain holes in 
actual oil wells and compared with the model data 
presented here. In general the agreement appears to be 
reasonable. It is also indicated that the present well 
completion techniques in these wells may be of such 
nature that littke damage near the wellbore may be 
occurring. 
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TECHNICAL NOTE 3|4 


A DEVICE for DETERMINING the CONCENTRATION of FORMATION 
TREATING ACIDS 


Some of the problems associated with the acid treat- 
ment of oil wells are related to the control of the com- 
position of formation treating acid. One test usually 
made at the well site is the determination of the acid 
concentration. Heretofore, the concentration of the acid 
delivered to the well site usually has been interpreted 
from a hydrometer measurement of the specific gravity 
of the acid solution. Experience has shown that this 
indirect measurement of acid concentration can give 
erroneous results. More reliable results are, of course, 
obtainable by the titration method; however, this 
method is not easily adapted to well-site testing. 

To overcome these objections, a device was devel- 
oped for use in the field which permits determination 
of the concentration of treating acid both quickly and 
accurately at the time of the acid treatment. Its pur- 
pose was three-fold, namely, to determine: (1) the 
concentration of the fresh treating acid, (2) the con- 
centration of the spent acid returning from the well, 
and (3) the solubility of formation samples in treating 
acid. 


Manuscript received in Petroleum Branch office on Aug. 10, 1955. 
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The device was designed to operate on the prin- 
ciple of the stoichiometric relation between the calcium 
carbonate—hydrochloric acid reaction and the carbon 
dioxide gas resulting from the reaction. By confining 
the carbon dioxide gas within a reaction cell of the 
type shown in Fig. 1, the pressure inside the cell is 
increased. Since the pressure is an indication of the 
quantity of carbon dioxide gas produced, it may be 
used to estimate the concentration of the acid, pro- 
vided an excess of calcium carbonate is used. From 
information on the volume of the reaction cell, the 
volume of acid used, and the pressure and tempera- 
ture of the gas after the completion of the reaction, 
the concentration of the treating acid may be com- 
puted. 

The reaction cell is essentially a pressure vessel 
equipped with a pressure gage, temperature indicator, 
pressure release valve, and a special sample holder. 
Plastic and metal construction makes the cell both 
rugged and acid-resistant. The sample holder is so 
designed that a sample of calcium carbonate (or sam- 
ple of carbonate rock) can be dropped into the acid 


solution after the cell is closed. The manner in which 
the folded paper containing the carbonate sample is 
held by the sample holder is shown in Fig. 2. 

Other features of a typical reaction cell and mate- 
rials used in an acid concentration test are as follows: 

The total volume of the cell is approximately 482 ml, 
of which 462 ml may be considered as gas space for 
computation purposes. For the concentration test, 10.0 
ml of treating acid and 10.0 ml of water are placed 
in the cell. The water is used to rinse any remaining 
acid from the container used to measure the acid- 
sample volume, and to increase the acid volume in the 
cell so that the calcium carbonate sample is covered 
with liquid. A calcium carbonate sample of approx- 
imately 242 gm is used. This size carbonate sample is 
sufficient for acid concentrations usually encountered 
in oil well acidizing. A similar procedure is followed 
where it is desired to determine the concentration 
of spent acid returning from the well. Actually the cell 
design is such that, if the specified volume (10 ml) 
of hydrochloric acid is used, the actual pressure (psig) 
build-up during a test is very nearly equivalent, numer- 
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ically, to the concentration of the acid, expressed as 
weight per cent. 

The reaction cell may also be used for the deter- 
mination of the solubility of carbonate rock samples 
in treating acid. The same stoichiometric and PVT 
relations used in the acid concentration test are util- 
ized to estimate the weight per cent of the rock soluble 
in an excess of acid. Jn this test, a 244 gm rock sam- 
ple and 20 ml of treating acid are preferably used. 

The results of the use of the reaction cell in the 
field testing of treating acids have been excellent. The 
results thus far have shown that the acid concentra- 
tion determined on samples at the well sites with the 
cell are within 0.5 weight per cent of the acid concen- 
tration determined in the laboratory on the same sam- 
ples by titration methods. Through use of such a re- 
action cell, improved control over concentrations of 
acids is permitted which, in turn, should lead to im- 
proved results obtained through use of formation treat- 
ing acids. kok 
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The CONCEPT “HYDRAULIC RADIUS” in POROUS MEDIA 
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It is shown that in any isotropic porous medium there 
is a fixed ratio, 7» between the numerical values of the 


total pore perimeter per unit of cross-section and the 
specific surface area per unit of bulk volume. The con- 
sequences of this fact on the use of the concept “hy- 
draulic radius” in the case of porous media are exam- 
ined. 


The validity for consolidated sands of Kozeny’s rela- 


1References given at erd of paper. 
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tionship and of the formula derived by Carman for 
capillary rise are discussed. 


LNT 


In the course of time several quantities and relations 
have been put forward in order to describe the texture 
of a porous medium and the flow of fluid through it. 
Among these relations the so-called Kozeny formula 
and a formula for capillary rise, for both of which 
Carman"* has given a derivation, will be specially con- 
sidered here. These relations are of a semi-empirical 
nature and the derivations must be considered to have 
a heuristic significance only. For unconsolidated mate- 
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rial they have been satisfactorily confirmed by experi- 
ment. 

In the derivation of Kozeny’s formula’, which relates 
permeability to porosity and specific surface area, Car- 
man combines Darcy’s law and the generalized Poi- 
seuille’s law, valid for cylindrical capillaries of variously 
shaped cross-section, 


AP 

kon JL, 
in which u = linear rate of flow, » = viscosity, AP = 
pressure difference along a length L, k, = a constant, 


lying between 2.0 and 2.5, for most shapes of cross- 
section and m = the “hydraulic radius.” This hydraulic 
radius is defined as 


area of cross-section of capillary 
perimeter of cross-section of capillary 
or as 


(la) 


volume of capillary 
wetted surface of capillary 


Both definitions are equivalent for cylindrical capillaries. 
This is not the case, however, for porous media. Al- 
though the pore volume of a cylinder of homogenous 
porous material is equal to the pore area in a cross- 
section multiplied by the length of the cylinder, the 
product of total pore perimeter of cross-section and the 
length of the cylinder need not necessarily be equal to 
the internal surface area. 

In deriving Kozeny’s relation, Carman chose defini- 


(1b) 


tion (1b) for m, viz. : Atter introducing an additional 


factor to account for the tortuosity and interconnection 
of the pores he arrived at the well-known formula 


af 
K being the permeability, k the Kozeny constant, f the 
porosity, and § the surface area per unit of bulk volume. 
The capillary rise h of liquids giving complete wet- 
ting’ in cylindrical capillaries having variously shaped 
cross-sections can also be calculated by means of a sin- 
gle expression, 


pgm 
in which y = surface tension, p = liquid density and 


g = gravitational constant. In applying this formula to 
porous media, Carman again chose definition (1b) for m. 

In spite of the experimental confirmation of both 
formulae for unconsolidated sands, one may reasonably 
doubt the physical justifiability of the preference for 
definition (1b). For instance, capillary equilibria are 
determined by radii of curvature, i.e. by cross-sectional 
dimensions, and not by volume or surface area of the 
pores. It is therefore desirable to investigate the relation 
between m according to (la) and m according to (1b). 


EOIN 
In the following we shall consider a cylinder of por- 
ous material of length L, having its axis in the direction 


= 
|. Cross-sections are taken perpendicular to 1. The 


total perimeter of the pores in a cross-section is denoted 
by p. Further we introduce the concepts “apparent sur- 
face area,” A,, defined by 

L 


J 
O 
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and “‘true surface area,” A,, the latter being the internal 
surface area of the cylinder. If the medium is homoge- 
neous, A, = pL. 

The difference between the apparent and the true 
surface area originates from the fact that the Equation 
4 does not account for the orientation of the surface. 
This signifies that at a point 0 of the perimeter an ele- 
ment dA, of the true surface area has been replaced by 
an element dA, = dA, | cos 6 | of the apparent surface 


area. Herein @ is the angle between the normal n to 


the pore surface and the normal m to the pore peri- 
meter in the plane of cross-section, both in point 0 
(see Fig. 1). Consequently A, can also be defined as 


| | | cos 6 | dA, 
S 


Both definitions are equivalent. 
We are concerned with the ratio g = A,/A,. 


EXAMPLE 1 

First we shall consider a porous medium consisting 
of spherical particles of equal radius R. If the cylinder 
contains N particles, the apparent surface area is N 
times the apparent surface area A’ of one particle and 
the true surface area is N times the true surface area 
A’ of one particle. Consequently, according to Equa- 


tion 4 (see Fig. 2) 


2R 
1 
— 2d — 
O 
EXAMPLE 2 
Next we shall deal with a medium composed of 


equal particles of arbitrary shape, which is assumed 
to be isotropic, so that the particles are orientated at 


Fic. 1 
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O 
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random. The apparent surface area of the porous mass 
in this case is N times the mean apparent surface area 
of one particle, which is the average over all prevail- 
ing orientations of the particles. If the dimensions of 
the cylinder under consideration are large compared 
with the dimensions of the particles, this mean area 
is closely approximated by an integration over all direc- 
tions in space. 

Let us consider an element dA‘ of the surface of a 


given particle. Its contribution to the apparent surface 
area being dA’ = dA’ | cos @ |, its contribution to the 


mean apparent surface area of the particle is obtained 
by averaging dA’ over all directions of its normal n 


(see Fig. 3), or 


dd! = | = 
2a 
dA’ 
Fad. 


Thus the entire mean apparent surface area of one 
particle is 

so that g, for an isotropic medium consisting of equal 
Tv 


particles of any shape, is A 


EXAMPLE 3 

The foregoing considerations can be extended to any 
isotropic porous medium, both unconsolidated and con- 
solidated. To that end we assume the internal surface 
of the porous cylinder to be built up of surface ele- 
ments of equal area dA,. In an isotropic medium these 
surface elements are orientated at random, so that their 
mean contribution to the apparent surface area is 
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N/A 


O 
2 
Consequently 


A, = 7 Avorg =F 


Quite generally, therefore, for every isotropic porous 


medium, the apparent surface area is 7 times the 


true surface area of the medium, or in other words 
the pore perimeter of the unit of cross-section is numer- 


ically equal to Z times the specific surface area of 


the unit of bulk volume. Consequently the ratio of 
m by definition (1b) to m by definition (la) is also 


equal to 
q 4° 


DISCUSSION 


The results obtained show that the ratio g of internal 
surface area to perimeter of cross-section does not re- 
flect any structural property of a porous medium except 
anisotropy. The constant ratio at the same time abol- 
ishes the ambiguity in applying the concept of hydraulic 


radius to porous media, because the substitution otf 


for m is always permissible, provided that a proportion- 
ality factor is added to account for the difference in 
m according to both definitions. In most cases it will 
be difficult to choose between the two definitions (1), 
so that m in fact will only serve to introduce f and S$ 


in the formulae in the ratio 4 . Experiments are neces- 


sary to verify the resulting proportionality and to deter- 
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mine the magnitude of the proportionality factor. Actu- 
ally this has been done in deriving Kozeny’s relation 
(2). For this reason also the application of Equation 3 
derived on the basis of capillary rise in cylindrical 
capillaries to porous media, should include the intro- 
duction of a proportionality constant k’, so as to give 

especially as the capillary rise will be determined by 
the ratio of pore perimeter to pore area, so that m = 


(3a) 


4 
— “ has to be substituted. It would appear to be 


fortuitous that k’ is found to have a value of about 
1 for unconsolidated sands. It is not permissible, how- 
ever, to omit k’ when applying the formula to con- 
solidated media, for the same reason as that giving 
rise to a difference in Kozeny’s constant k with respect 
to its value for unconsolidated sands. 

Leverett* has proposed representing the dependence 
of the capillary pressure, P., of a medium on its wetting 
fluid saturation, s,,, in a dimensionless form, by plotting 
the quantity j (s,) = (P./y) (K/f)’” instead of P, 
itself against s,, and has shown experimentally that the 
capillary pressure curves then coincide for unconsol- 
idated sands. This fact to some extent illustrates the 
structural conformity of these sands and makes the 
constant value of k and k’ found in these cases plausi- 
ble. In the same way, however, the differences between 
the j (s,)-curves obtained on consolidated material, 
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e.g. by Rose and Bruce,* show their unconformity in 
texture and give strong support to the view that both 
k and k’ will depend on the type of formation. 
Extrapolation of j (s.) to s, = 100 per cent, as 

done by Rose and Bruce, gives the dimensionless thresh- 
old pressure (P:/y) (K/f)’”. Substitution of Py = pgh 
and combination with Equations 2 and 3a gives 

lim j (sy) = k’/k” 

Sy 1 
and not 1/\/k as stated by Rose and Bruce. Additional 
information on the applicability of Equations 2 and 3a 
for consolidated media will consequently be required 
in order to allow the constants k and k’ to be evaluated. 
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FLUID MAPPER MODEL STUDIES of MOBILITY RATIO 
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The fluid mapper, a model relatively new to the 
petroleum industry, was used to study the effect of 
various mobility ratios on the areal sweepout efficiency 
for two typical spacing patterns. The experiments in- 
dicated the areal sweepout for the five-spot pattern 
varied from 51.8 per cent at a mobility ratio of 0.093 
to 89.1 per cent for a ratio of 24.4. In the direct line- 
drive pattern, the areal sweepout varied from 58.7 per 
cent at a mobility ratio of 0.089 to 92.0 per cent at a 
ratio of 24.8. The fluid mapper may prove useful to 
determine quickly the effective areal sweepout for any 
well spacing. 


RO DU, UN 


The effect of the mobility ratio on the areal sweep- 
out efficiency during primary depletion of a water drive 
reservoir and during secondary recovery operations 
has recently become more widely recognized.””* The 
mobility ratio, M, is defined as: 

__ k/w (displaced fluid) 
(displacing fluid) 
where 
k = effective permeability 
p. = viscosity 

When the displacing fluid is miscible with the dis- 
placed fluid, the permeabilities are equal and the mobil- 
ity ratio may be expressed as a ratio of viscosities: 

p (displacing fluid) 

(displaced fluid) 
The mathematical analysis for calculating the areal 
sweepout efficiency with mobility ratio other than unity 
is quite tedious.”” An experimental method by using a 
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potentiometric model’ in a step-wise manner and in 
using an X-ray shadowgraph model’ with continuous 
fluid flow has been published. 


Several types of models have been used to study 
oil and gas reservoir performance. These models may be 
classified as physical, electrolytic, potentiometric, X-ray 
shadowgraph, and fluid mapper. The X-ray shadow- 
graph and fluid mapper are models relatively new to 
petroleum engineering and have not been used exten- 
sively for specific applications. 


The theory of the fluid mapper indicates it may be 
adapted to a study of areal sweepout efficiencies for 
various mobility ratios as well as other complex prob- 
lems in petroleum engineering. The use of the model 
and results obtained when using displacing and dis- 
placed fluids of equal densities but different viscosities 
are discussed. 


FLUID MAPPER DEVELOPMENT 


H. S. Hele-Shaw*® developed a fluid mapper model 
based on the hydrodynamic theory. This theory is that 
in the steady flow of a viscous fluid between horizontal 
parallel plates spaced a very small distance apart, the 
effect of viscous shear is of such magnitude in the 
vertical plane that the motion in the horizontal plane 
is practically undistorted streamline flow. Techniques 
developed by Hele-Shaw were not expanded and no 
additional developments in fluid mapper models were 
forthcoming until A. D. Moore, University of Mich- 
igan, published a series of papers starting in 1949, 
which describe the construction of a flexible and inex- 
pensive model’* and the fluid mapper technique for 
the solution of certain problems. The essential com- 
ponents of the fluid mapper as developed by Moore 

1. A base slab, made of dental stone (calcium sul- 


phate and water), which is shaped to represent the pro- 
totype. 


2. Plate glass slightly larger than the slab and spaced 
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above and parallel to the slab by means of uniformly 
thin spacers. 

3. One or more small, movable containers and rubber 
tubing to supply fluid to the inlets and outlets of the 
base slab. 

4. Crystals of methylene blue, potassium perman- 
ganate or bottles of food color for dyes to make the 
flow patterns visible. 


5. Tray for immersing the base slab and plate glass 
in fluid. 


EXPERIMENTAL SET-UP AND PROCEDURE 


Partially scaled fluid mappers were operated to eval- 
uate the effects on areal sweepout efficiencies when 
the mobility ratio was other than unity for a quadrant 
of a five-spot pattern. They were also operated for an 
element of a direct-line drive pattern in which the 
ratio of b/a = 2, where, a equals the distance between 
two adjacent injection wells or two adjacent production 
wells, and b equals the distance between the injection 
and production wells. 

The procedure followed in building the models was 
essentially the same as presented by Moore and is not 
repeated here. Construction of the slab is relatively 
easy. The base slab may be cast and a single run made 
in a few hours. The slab is placed in the tray which 
contains sufficient tap water to cover the top of the 
plate glass when it has been placed in position. Sup- 
ply tanks are then connected to the model with the 
rubber tubing, filled with dyed injection fluid, and 
the air purged from the connectors. Discharge tanks 
are connected and purged similarly. Brass washers 
ground to the desired thickness of the flow space (0.03 
to 0.04 in. inclusive) are either placed on the slab 
in areas which will not affect the flow pattern or are 
placed on posts which are set up outside of the boun- 
dary of the slab. If the posts are used, it is necessary 
to use a second piece of plate glass for a base in the 
immersing tray in order to insure a uniform flow space. 


A uniform flow space of 0.04 in. was used in all 
models for this investigation. Barriers for the boundary 
of the flow space were formed from molding clay. 
Methocel,* a water soluble cellulose ether, was used 
to prepare fluids of different viscosities. A 2 per cent 
by weight aqueous solution of Methocel 1,500 cp pro- 
duces a fluid with a viscosity of approximately 1,500 cp 
at 20° C which may be diluted to any desired lower 
viscosity.’ 

Base slabs for the quadrant of the five-spot pattern 
were constructed with over-all dimensions of 7% in. x 
10 in. x 10 in. Two % in. diameter wells were located 
at opposite corners of a square 8% in. in length. The 
direct line-drive models were constructed with the base 
slab having over-all dimensions of % in. x 11 in. x 19 
in. The two 4% in. diameter wells were located 16% in. 
apart on the center-line through the length of the base 
slab. 

Constant flow rates through the models were main- 
tained by connecting a Zenith pump in the flow sys- 
tem with the input port of the pump connected to the 
output wells in the model. The output port of the pump 
was connected to the input wells in the model. The 
Zenith pump was driven by a variable-speed Graham 
transmission which was connected to a Zero-Max 
torque converter. The Zero-Max was driven by a 1/10- 
hp electric motor. A schematic diagram of the model 


“Registered Trademark, Dow Chemical Co., Midland, Mich. 
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Fic. 1 — EXPERIMENTAL SET-UP. 


set-up is shown in Fig. 1. Photographic records of the 
flow patterns were obtained with an ordinary camera 
mounted directly above the fluid mapper model. 


Tests were conducted with a viscosity ratio, M = 1, 
and a fixed barrier enclosing the flow area to deter- 
mine whether or not the fluid mapper model could 
be used to check similar results presented in the pre- 
vious literature. A value of 71.5 per cent sweepout 
efficiency was found for the five-spot pattern. This 
checks closely with published data obtained by both 
analytical methods and experiments using other types 
of models. Results obtained for = 1 were used as 
a reference point for interpretation of the effects of 
various mobility ratios on the areal sweepout efficiency. 


FIVE-SPOT PATTERN 


The areal sweepout efficiency was found to vary 
from a value of 51.8 per cent at M = 0.093, to a 
value of 89.1 per cent at M = 24.4. Reproducible 
results were obtained although some tests were run at 
a low rate of 0.028 cc/sec and some at a high rate of 
0.112 cc/sec. Typical flood patterns at breakthrough 
of the displacing fluid are depicted by Fig. 2. The inter- 
face was found to have accentuated fingering or cusp- 
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ing for low values of M which became less pronounced 
with M > 1. Even with M > 1, fingering occasion- 
ally occurred in the fluid mapper model at the begin- 
ning of a run. Fingering usually disappeared as the 
front continued to move and expand into the flow 
area. The disappearance of the fingering was not at- 
tributed to diffusion of the dye, but rather to decreas- 
ing the width of the small zone of fingering as the 
interface moved into an area of greater radius. 

Results of the five-spot pattern tests are shown in 
Fig. 3. A comparison of data obtained from the fluid 
mapper with data obtained from previous investiga- 
tions, also presented in Fig. 3, shows a wide discrep- 
ancy in the sweepout efficiencies for higher values of 
M, although the data are comparable for lower M 
values. Previous investigators have reported 100 per 
cent areal sweepout with values of M between 4 and 8. 
In the fluid mapper, at M = 8 the areal sweepout was 
only 81.5 per cent and at M = 24.4 it was 89.1 per 
cent. The reason for this discrepancy is not definitely 
known unless there was some unrecognized model scale 
effect which entered into the operation of either the 
fluid mapper or the other models. 

Two possible phenomena in the operation of the 
fluid mapper may explain part of this discrepancy. 
One is the velocity distribution across the flow space 
and across the fluid interface. The other is the location 
of the effective position of the advancing dye front. 
When the displacing and displaced fluids have the 
same viscosity, a parabolic velocity distribution will 
exist across the flow space and the fluid interface. 


Fic. 4— AREAL SWEEPOUT PATTERN AT BREAKTHROUGH 
FOR DrrREcT LINE-DRIVE PATTERN. M = 1.0. 
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When the displacing and displaced fluids have different 
viscosities, it is debatable whether or not the velocity 
distribution remains parabolic or can be made parabolic 
by controlling the rate of flow. If the velocity of the 
interface is not parabolic the behaviour of the fluid 
mapper would become complex. In the event of vertical 
interdiffusion at the interface, the operation and theory 
of the model would become exceedingly complicated. 

The location of the advancing dye front is impor- 
tant to the correct interpretation of results. It is diffi- 
cult to determine the instant when the displacing fluid 
reaches the producing well. Breakthrough was arbitrar- 
ily selected as that point when the “finger” of the dis- 
placing fluid reached the producing well. A study of the 
color intensity in the photographs shows that break- 
through based on this “finger” of dye may have resulted 
in low areal sweepout efficiencies. 


DIRECT LINE-DRIVE PATTERN 


The direct line-drive pattern Fig. 4 was studied for 
the special case in which b/a = 2. Results are pre- 
sented in Fig. 5. These data show the areal sweepout 
efficiency varies from 58.7 per cent at M = 0.089 to 
92.0 per cent for M = 24.8. In general, the areal 
sweepout increases for increasing values of M through- 
out the range of M = 0.089 to M = 24.8. Muskat” 
has shown that the areal sweepout increases for in- 
creasing ratios of b/a. He found that for values of 
b/a > 1.5 the areal sweepout efficiency for M = 1 
is expressed as: 


a 
0.441 


Solution of the equation gives a value of E = 0.78 
b 
at M = 1 for a ratio of = = 2. However, results in 


the fluid mapper, for M = 1, indicated an areal 
sweepout of 73 per cent. No apparent explanation 
is available for the lower value as determined by the 
model studies, since constant rates of flow were main- 
tained by use of the Zenith pump, and since the flow 
area was completely enclosed by a barrier during opera- 
tion of the model. 


CONCLUSIONS 


Quantitative results obtained in this study apply only 
to this system and are not necessarily values which 
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may be determined from field operations. The fluid 
mapper models used were operated to simulate a two- 
dimensional plane in a uniformly homogeneous res- 
ervoir. The results obtained with the idealized patterns 
show that the mobility ratio should be considered in 
evaluating the economics of a proposed secondary re- 
covery project. 

The flexibility and versatility of the fluid mapper 
model warrants further investigation and application 
in secondary recovery work as well as in general petro- 
leum engineering. As the model is used and new tech- 
niques are developed, it should be possible to deter- 
mine the velocity distribution and the effective dye 
front which will permit better interpretation of results. 
Dimensionally scaled models of the fluid mapper can 
conceivably be used to determine the fluid front at 
any time during the primary phase of production in 
secondary recovery operations. Use of the model with 
correct mobility ratios would permit a more accurate 
analysis of the economics of projects to determine 
the position of the fluid interface at any time for 
irregular well patterns or to simulate erratic fluid 
fronts resulting from breakdown of equipment or 
changes in field operating practices. 
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TECHNICAL NOTE Gt 9 


THE CONDUCTION of HEAT INCIDENT to the FLOW 
of VAPORIZING FLUIDS in POROUS MEDIA 


FRANK G. MILLER 
MEMBER AIME 
RALPH A. SEBAN 


INTRODUCTION AND PURPOSE 


Problems relating to thermal methods of oil recov- 
ery have been given increasing attention during the past 
year. The nature of the physical and chemical processes 
underlying thermal recovery are not yet well under- 
stood. The need for pertinent basic information is recog- 
nized generally. One of the processes involved is the 
transfer of heat by conduction in oil reservoir rocks 
containing moving reservoir fluids. This technical note 
deals with heat conduction in a laboratory sand column 
filled with a moving hydrocarbon and therefore should 
be contributory to the presently inadequate fund of 
knowledge on the over-all subject. 


In an analysis of the flow of vaporizing propane 
through a horizontal column of sand, one of the pres- 
ent authors’ demonstrated correspondence between the 
measured values of pressure along the length of the 
column and those predicted by a theory which post- 
ulated that the enthalpy of the propane was invariable 
along the length of the column. This postulate was 
implied as a deduction from the principle of conserva- 
tion of energy but the details of the deduction were 
not given. The specific purpose of this technical note 
is the presentation of these details both as an adjunct 
to the earlier analysis and to supply some additional 
details on the processes involved in this type of flow. 
Results disclose that rates of heat transfer by conduc- 
tion, in the direction of fluid. motion, generally would 
be small for systems of the type studied. 


FUNDAMENTAL ENERGY EQUATION 


The principle of conservation of energy may be ap- 
plied to a section of the porous material on the basis 


’References given at end of paper. 
Original manuscript received on Oct, 28, 1953. Revised manuscript 
received on Nov. 14, 1955. 
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that heat transfer, like fluid flow, is possible in the x 
direction only. Transfer of heat in the y and z direc- 
tions is prevented by suitable insulation or by taking 
the medium as infinite in directions perpendicular to 
the x axis. For steady state heat conduction and condi- 
tions of steady fluid flow the principle of conservation 
of energy specifies that any reduction in the enthalpy 
rate increases the flow of heat in the same proportion. 
Stated mathematically, 


dH _ KAdT (1)* 
dx W dx 

where sea the flow of heat in the positive x 
W dx 

direction. 


TEMPERATURE DISTRIBUTION IN DIRECTION 
OF FLOW 


The column of sand used in the previously described 
research is divisible into three different flow regimes, 
each of which may be analyzed independently. In the 
entrance region the liquid approaches the saturation 
state. A transition region is postulated following the 
transverse section at which the saturation state of the 
liquid is attained. In this transition region gas and liquid 
phases are both envisioned as present, with no vaporiza- 
tion occurring and with fluid movement restricted to 
the liquid. The upstream end of the exit region is at 
the transverse section of the column where the frac- 
tion of the pore space occupied by gas first becomes 
great enough for gas flow and where vaporization of 
the liquid begins. Fig. 1 indicates schematically the 
thermodynamic processes undergone by the fluid in the 
three flow regimes. 


*A nomenclature list appears at the end of paper. 
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ENTRANCE REGION 


The relation between the enthalpy of the flowing 
fluid and the pressure and temperature of this fluid 
is given by 

Equation 2 is applicable regardless of whether the 
flowing fluid exists as a gas, a liquid, or as a gas-liquid 
mixture. Liquid is the only fluid phase present in the 
entrance region. 

In this analysis the effect of the pressure on the en- 
thalpy of this liquid is neglected, so that dH = c,dT is 
assumed to apply in the entrance region. If this value is 
substituted for dH in Equation 1 and the result inte- 
grated with the boundary conditions specified as T = T, 


atx =O pide = a at x = x,, the temperature 
dx dx J. 


distribution for the entrance region will be found to be 


r=7,+(z) 
abe}: ae*™*1 


‘TRANSITION REGION 


In the original paper’ the boiling point at x, was 
considered to be a mathematical sheet where vaporiza- 
tion began and the pressure gradient became discontinu- 
ous, the ratio of this gradient at the upstream side of 
the boiling front to that at the downstream side being 
estimated as equal to (k,/k)., or about 0.8. This con- 
cept of the boiling front was based on the conclusions 
of Wyckoff and Botset’ regarding their critical “equilib- 
rium gas saturation.” Accordingly, the gas content at x, 
would be taken as this equilibrium value, but an anom- 
aly results. 


Vaporization occurs if both phases are flowing, and 
then c, > o . If only the liquid is flowing c, is 
finite, however, and refers to liquid approaching the 
saturation state. As gas and liquid are both present in 
the postulated transition region, even though only one is 


flowing, Equation 2 may be written —— = , In which 


n is the slope of the vapor pressure curve. Thus, any 
discontinuity in the pressure gradient would be reflected 
in the temperature gradient. But a discontinuity in the 
temperature gradient is not plausible, because the rate 
aT 
dx 


and the energy-balance basis of Equation 1 reveals no 
heat sources that could bring about abrupt changes in 


dT 
ae: For this reason and as attainment of the critical 
x 


equilibrium gas content over zero length of sand column 
is not tenable physically, the gas content is assumed to 
increase gradually in the direction of fluid motion from 
zero at x, to the critical equilibrium value at x., a finite 
distance farther downstream. 


of heat transfer by conduction is proportional to — 


As no gas moves within the transition region, Fig. 1 
depicts the thermodynamic process within this region 
and the saturated liquid line as coincident. Thus, the 
mass fraction of gas in the flowing stream is represented 
correctly as zero even though the in-place gas content 
is finite, this gas having been formed during the tran- 
sient flow period preceding the establishment of steady 
flow. 
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Fic. 1— THERMODYNAMIC PROCESSES UNDERGONE BY 

A SINGLE-COMPONENT FLUID THAT VAPORIZES WHILE 

MOVING THROUGH A COLUMN OF THERMALLY-ISOLATED 
Porous MEpIUM. 


Darcy’s law, the saturation relation of pressure and 
temperature, and the transition region concept indicate 
that at x, 


The first and last members of Equation 4 may be used 
d 
to evaluate (=) and the result substituted in Equation 3 
i 


to give the temperature difference between the inlet 
end of the column and x,: 


) ( ae**1 ) 


The pressure difference over the same length of column 
is given by integration of Darcy’s law: 


The length x, of the entrance region in which subcooled 
liquid moves is that which satisfies Equations 5 and 6 
in conjunction with the saturation relation P, = P, (T). 


In the transition region all states are saturation states 
and the presence of stationary gas results in the per- 
meability of the sand to liquid being reduced from k at 
x, to about 0.8 k at x, Because of the saturation con- 
dition and because dH = c, dT for liquid, approaching 
the saturation state Equation 1 may be written 


(7) 


and differentiating Darcy’s law for the liquid with re- 
spect to x gives 


 Wyv dk, dP dk, 
If the righthand side of Equation 8 is substituted for 
de in Equation 7 and the result integrated the length 


of the transition region is found to be 


dP KA d’P 
PRS 


(ky), 
X2 We, nh 
where /n (kx) 2] 0.22. 


Ex1T REGION 

The vaporization which begins at x, initiates the exit 
region in which the fluid flows in two phases. In this 
region the enthalpy of the flowing mixture is given by 


Integration of Equation 1 with the boundary conditions 
specified as H = H, when( = view 
dx dx }» 


Equating the righthand sides of Equations 10 and 11 to 

each other and setting W, = fW and W, = (1 — f) W, 
results in the energy equation for the exit region: 

Darcy’s law for the exit region, in terms of the quantity 

F used in the original presentation, may be stated 


— Yond within this region = 


Hence, Equation 12 may be put into the form 


Ka 


When the second term in brackets approaches zero, 
Equation 13 approaches that which would apply for 
isenthalpic flow. 


APPLICATION OF RESULTS 


Data pertaining to “Experiment V” of the earlier 
paper are: W = 2.9 X 10° Ib sec’; k = (ki), = 1 X 
2.4 X 10% Btu sec” ft* °F* (Herbert et al’). The prop- 
erties of the sub-cooled propane approaching the satura- 
tion state at x, were » = 3 X 10° °F lb” ft” (Sage 
eteal Guy); == 10% ft =-0.68 Btu 
°F” (Sage et al"). As per Fig. 3 of the earlier paper, 
n = 3 X 10° °F Ib” ft” for the regions of the sys- 
tem in which the propane existed in two phases, and 
according to Fig. 6, F and F, were of the order of 5 X 
10° ft* sec* and 13 X 10° sec’, respectively; — 
H,, was of the order of 10 Btu Ib™. 

Inspection of Equation 5 with the appropriate numer- 
ical data indicates that the quantity a was so large (4.1 
x 10° ft") that the reduction in temperature in the 
entrance region was negligible, and the postulate of 
isothermal flow in that region sustained. 

Equation 9 indicates that the length of the transition 
region was 5.4 * 10% ft or approximately equal to the 
size of the openings in the No. 80 sieve of the Standard 
Tyler Sieve Scale. About half the sand comprising the 
column in the propane flow experiments was coarser 
than Tyler No. 80, so that the computed length of the 
transition region probably did not exceed at most a 
few pore diameters. Neglect of this region in the earlier 
paper therefore was justified, although the comments 
made there regarding discontinuities in the pressure 
gradient were not justifiable in the limit. 

Finally, the second term in brackets in Equation 13 
may be computed with the foregoing numerical data 
to be of the order of 0.001, which is negligible. 
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These numerical calculations disclose that the heat 
conductive effect in the propane flow experiments was 
of no appreciable consequence. 

The energy-balance principles applied mathematically 
in this note would apply also to multicomponent fluid 
flow systems. Research on such systems, as an exten- 
sion of the present work, appears desirable in the inter- 
est of gaining a better understanding of heat transfer 
in oil reservoirs. 


NOMENCLA PURE 


distance along column of porous medium 

rate of heat transfer by conduction 

weight rate of flow of gas plus liquid 

thermal conductivity of fluid-filled porous 
medium 

bulk cross-sectional area of column of porous 
medium 

absolute temperature 

enthalpy per unit weight of fluid 

Joule-Thomson coefficient (also slope of vapor 
pressure curve) 

heat capacity at constant pressure 

fluid pressure 

absolute viscosity 


specific volume 

effective permeability to gas 

effective permeability to liquid 

homogeneous-filled permeability 

weight of gas per unit weight of gas-liquid 
mixture passing a transverse section of sand 
column in unit time 


& 


oF 


Subscripts: 
G = gaseous phase 
L = liquid phase 


0 = inlet end of column 

1 = upstream end of transition region 

2Z = downstream end of transition region 

e = critical equilibrium gaseous-phase content of 


porous medium 
Combination terms: 


a == 
KA 
F = F(P) = 
LeaVa 
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TECHNICAL NOTE 320 


INVESTIGATION of VARIOUS REFINED OILS for FORMATION FRACTURING 


AXIS) WIR ANC 


The properties of some of the 
common fracturing oils, such as 
sand-falling rate, fluid loss and 
viscosity, are a function of the three 
major constituents of the oil. These 
are: asphaltic material, paraffin 
waxes and a base oil. The base oil 
can be either high or low viscosity. 

Asphaltic material increases vis- 
cosity by thickening the oil, decreas- 
ing the rate of fall of sand through 
the oil, at temperatures up to 
200° F. 

When large amounts of paraffin 
wax are present, much of the wax 
is not dissolved, but is present in 
the form of microscopic. crystals. 
This, of course is limited to tem- 
peratures below the melting points 
of waxes. As a result, paraffin waxes 
do not function primarily as thick- 
eners, but rather as bulking ma- 
terials. 

The function of wax, without 
asphaltic material, in a low viscosity 
base oil is uniquely unlike that of 
wax with asphalt coexistent in the 
oil. The resulting difference in wax 
crystal size governs the sand-falling 
rate to a large extent. 


An ideal tyve of fracturing oil is 
one containing neither asphalt nor 
waxes. In such cases, the viscosity 
and resulting low sand-falling rate 
are apparently due to soluble resin- 
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ous hydrocarbons, which are com- 
patible with formation oils. 


Since the introduction of hydrau- 
lic fracturing as a method of stimu- 
lating production from oil and gas 
wells, a variety of fluids have been 
employed to open the fractures and 
carry the propping agent. Such fluids 
include gels, emulsions, and oils. In 
the latter category, the use of refined 
oils has increased tremendously, and 
it is probably safe to assume that 
such oils represent more than one- 
half of the total fluid used in fractur- 
ing. 

The general acceptance of refined 
oils for fracturing can be accounted 
for on the basis of their relatively 
low cost and general applicability. 
To minimize transportation costs, 
such refined oils are generally ob- 
tained within the local areas of oper- 
ation. As a result there are several 
kinds of oil used in different areas, 
with a wide variation in the basic 
composition. These types may vary 
from a fair grade of lubricating stock 
to a highly viscous cut-back asphalt, 
or road oil. 

Originally, little attention was paid 
to the composition of the oils used 
for fracturing, and any oil which 
would carry sand was considered 
satisfactory. Recently, however, serv- 
ice companies and well operators 
have become more concerned with 
the type of oils used for fracturing. 


With this in mind, the present work 
was undertaken to evaluate and com- 
pare many widely used fracturing oils 
to determine which constituents 
were most desirable for fracturing 
purposes. 


Some of the important properties 
of fracturing fluids are sand-falling 
rate, viscosity, and fluid loss. Other 
properties, that are actually of no less 
importance, include flash point, pour 
point, emulsifying tendencies with 
formation brines, and compatability 
with the formation oils. This discus- 
sion has been limited, however, to the 
first mentioned properties in order to 
give some idea of the general com- 
position of the refined oils, how they 
function, and why. 


PROPERTIES OF FRACTURING 
OILS 


The properties of fracturing oils 
are a function of the three major 
constituents of the oil. These may be 
designated as: (1) asphaltic material, 
(2) paraffin waxes and (3) a base oil, 
which may be of either high or low 
viscosity. The asphaltic material clas- 


TABLE 1 — ANALYSIS OF TYPICAL FRACTURING 
OIL WITH REGARD TO ASPHALT AND WAX 
CONTENT 

Asphaltene? 
% Total (in asphalt % Base 
Oil Asphalt! fraction) % Wax Oil 
A 33 5 3 64 
B 30 De 2) 49 
G 5 trace trace 95 
D 17 Sl 10 73 
E 20 el 33 47 


Distillation Residue at 360°C (10 mm pressure) 
*Precipitation with 10:1 Pentane (85°F) 
SDewaxed with Acetone dilution 7:1 (32°F) 


sification, for the purpose of this 
paper, includes any high molecular 
weight naphthenic constituents in the 
oil. The variation in the composition 
of different fracturing oils is indi- 
cated by the data shown in Table 1. 

Low as well as high percentages 
of both asphalts and waxes are found 
in various oils. In Table 1, the sec- 
ond column indicates the total as- 
phaltic material present in the oil, 
while the third column shows the 
percentage of asphaltene materials 
present in this fraction; the fourth 
column indicates the high molecular 
weight paraffinic material present; 
and the percentage of base oil pres- 
ent is shown in the fifth column. 
(This base oil consists of low molec- 
ular weight naphthenic materials and 
paraffins. ) 

The effect of the various constit- 
uents on the viscosity of the oil is 
illustrated in Table 2. In order to 
keep the phenomenon of gel strength 
from interfering with measuring ac- 
tual viscosities, the latter were deter- 
mined by an Ultra-Viscoson (Model 
XV, Rich-Roth Laboratories). Vis- 
cosities in the column headed Dis- 
tillate show the effect on viscosity 
of removing the asphaltic material. 
Figures in the Base Oii column rep- 
resent the viscosities of the base oils, 
after both asphalts and wax have 
been removed. It can be seen from 
Tables 1 and 2 that Oil A achieves 
its viscosity almost entirely from as- 
phaltic material. Oil C, by contrast, 
achieves its viscosity mainly from 
the use of a highly viscous base oil. 

The viscosity of most fracturing 
ails with various fractions omitted 
demonstrates that an oil of low vis- 
cosity is usually used as a base, when 
appreciable amounts of either asphalt 
or wax are used in compounding a 
fracturing oil. With asphalts and 
waxes present in only small amounts, 
a low sand-falling rate is achieved 
by using a high viscosity base oil, 
similar to the heavy weight lubricat- 
ing oils. Sand-falling rate is usually 
measured by observing the rate at 
which graded sand, 20-40 mesh, falls 
through the oil. 


This is generally considered to be 
related to the viscosity of the fluid. 
A low rate is of importance for a 
fracturing oil since the sand must 
remain suspended in the oil during 


TABLE 2 — VISCOSITY* (CP @ 80°F) OF FRAC- 


TURING OIL 
Base Oil 
Original Distillate (asphalt and wax 
il Oil (asphalt removed) removed) 
A 215 14 13 
B 184 31 20 
c 215 190 185 
D 200 45 35 
E 124 60 17 
*Viscosity measured on Ultra: Viscoson. 
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the treatment. A rate of 5 ft/minute 
or less has been found satisfactory 
for current pump capacities. The 
sand-falling rate in water, for com- 
parative purposes, is approximately 
27 f{t/minute. As pointed out later, 
it has been observed that there is not 
necessarily a direct relationship be- 
tween viscosity and sand-falling rate. 


ASPHALTIC MATERIAL 


Asphalts or asphaltic material are 
usually present in the form of micel- 
les, or aggregates of macro-molecules 
within the oil base. The asphaltic 
material reduces the sand-falling rate 
by two methods. In addition to in- 
creasing the viscosity of the base oil, 
the micellular aggregates of asphalt 
further decrease the sand-falling rate 
by a bulking action. It appears prob- 
able that this bulking action results 
from the physical dimensions of the 
micelles. 

Asphaltenes are oxidized high mo- 
lecular weight polycyclic aromatic 
hydrocarbons. They are not actually 
soluble in oil. According to Sachanen’, 
the insoluble asphaltenes readily ad- 
sorb resins and aromatic hydrocar- 
bons and are dispersed in the oil. 
Thus, the resins and aromatic hydro- 
earbons colloidally protect the as- 
phaltenes, as all three materials exist 
as miscelles in equilibrium with the 
hydrocarbon constituents of the oil. 
The resistance offered by these 
micelles serves to slow the fall of the 
sand particles. 

The asphaltic miscelle effect is rep- 
resented graphically in Fig. 1, show- 
ing the viscosity-sand-falling rate re- 
lationship. The curve of an oil of 
Newtonian properties, containing no 
asphalt, follows a nearly straight line 
function. The effect of asphalt is to 
impart lower sand-falling rates to a 
base oil of comparable measured vis- 
cosity. For a specific viscosity, the 
sand-falling rate of the blended oil 
is lower than that of the base oil (a 
true solution). An oil with a low 
sand-falling rate and low viscosity 
might be of advantage since friction 
pressures encountered during a frac- 
ture treatment using such an oil 
would be lower than when using a 
base oil with equal sand-falling rate. 

The effects of asphaltic material 
are not all favorable, however. Re- 
fineries and pipeline companies are 
becoming more concerned with the 
dilution or contamination of crude 
oils with “foreign fluids’ such as 
fracturing oils. This concern for com- 
patability, in many cases, stems from 
the use of asphaltic fracturing oils. 
The colloidally dispersed asphaltenes 


1 Reference given at end of paper. 
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may be precipitated upon dilution 
with crude oils. This is especially 
true for high gravity crudes. When 
the fracturing oil is diluted, the resins 
and aromatic hydrocarbons tend to 
dissolve, the micelle equilibrium is 
destroyed, and the asphaltenes coag- 
ulate and precipitate. The precipita- 
tion of a crude asphalt can be ex- 
tremely troublesome, so far as plug- 
ging and fouling tubing and lines is 
concerned. 

Some refinery processing includes 
the use of propane dilution for as- 
phalt removal. This same precipita- 
tion as a result of dilution, may 
occur during a fracture treatment. 
A highly asphaltic fracturing oil 
could, therefore, plug the flow chan- 
nels of a formation and offset any 
advantage gained as a result of the 
fracturing treatment. 


PARAFFIN WAXES 

Whereas asphaltic materials are 
usually present in the form of micel- 
lular aggregates, paraffin waxes, pres- 
ent in the oil, exist either in solution 
or in the form of wax crystals. Such 
wax crystals in the refined oil used 
for fracturing treatments, display a 
bulking effect which, in certain re- 
spects is similar to asphalt. The crys- 
tals of wax delay the fall of the sand 
particles without increasing the ac- 
tual viscosity of the base oil. Fig. 2 
demonstrates and compares this ef- 
fect. The curve representing fractur- 
ing oil with paraffin wax is more 
divergent than that for the asphaltic 
oil, since the waxes have a definite 
melting or crystallization range. 
Above the melting point, the wax 
effect does not function; therefore, 
the curves coincide. To further illus- 
trate this point Fig. 3 shows the ef- 
fect on sand-falling rate, at various 
temperatures, of the various com- 
ponents of a typical fracturing oil 
(Oil E). 
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The size of the wax crystals has a 
unique role in the characteristic 
property of sand-falling rate control. 
The presence of asphalt with the wax 
in the oil results in a smaller particle 
size than that obtained without the 
asphalt present. Apparently the wax 
particles become coated with the res- 
inous asphalt, and are thus restricted 
from material growth. Fig. 4 shows 
three photo micrographs: one of an 
asphaltic, wax-base, fracturing oil; 
and the second of the base oil frac- 
tien, with the asphaltic material re- 
moved. By omitting the asphalt, the 
wax crystals were 2 to 3 times as 
large. This increase in crystal size 
actually reduced the sand-falling rate, 
although the viscosity was decreased 
by the omissions of the asphalt por- 
tion. As the third photo micrograph 
shows, addition of the asphalt, with 
heating and recooling, caused a re- 
duction in crystal size of the wax 
particles, increasing both the viscos- 
ity and the sand-falling rate. 


A refined oil that is high in par- 
affin waxes could be a source of 
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trouble if used as a fracturing fluid 
for low temperature wells. In wells 
with temperatures below the melting 
points of the waxes, it is possible 
that wax deposits might plug the flow 
channels. Wax deposits also might 
plug tubing and lines, or accumulate 
in tank batteries. 

Wax particles, as well as as- 
phaltenes, are hydrophobic in nature. 
Because of this, these matertals have 
been observed to stabilize water-in- 
oil type emulsions. This is not of too 
much importance in most fracturing 
treatments; however, it should be 
considered since, in isolated instances, 
emulsion troubles do plague recovery 
operations. The absence of both wax 
and asphaltic material in the fractur- 
ing oil should prevent aggravating 
any potential emulsion problem. 


ILOSs 


Another important property in a 
fracturing oil is fluid loss. If the loss 
of the fracturing oil into the forma- 
tion is too great, sufficient pressure 
build-up to open a fracture is dif- 
ficult to obtain. If most of the oil 
was lost into the formation while 
the fracture is created, the sand 
would have no carrying media. 


Low fiuid loss in a fracturing orl 
may be accomplished in two ways: 
(1) by incorporating a plugging ma- 
terial into the oil, and (2) by in- 
creasing the viscosity of the oil. As- 
phaltic micelles, which are actually 
insoluble, as well as wax crystals, 
show a tendency to plug formation 
pores, reducing fluid loss. As a rule, 
fluid loss reduction by this type of 
plugging is not desirable, as the 
plugging materials may be difficult 
to remove from a formation. This, 
of course, could be detrimental, in a 
fracturing treatment. The reduction 
of fluid loss by increasing the vis- 
cosity of the fracturing oil, on the 


other hand, avoids plugging of for- 
mation pores. 

Fluid loss properties of a fractur- 
ing oil are, in part, a function of 
relatively insoluble asphalts as shown 
by the data in Table 3. It would 
appear that the asphalts are not com- 
pletely dissolved and therefore tend 
to plug, thereby reducing the loss of 
fluid. This plugging effect, that oc- 
curs at the face of a formation dur- 
ing a fracturing treatment, would 
tend to minimize contamination with- 
in the formation itself. The amount 
of insolubles governs, to a large ex- 
tent, the penetration of the fluid into 
the formation flow channels. The as- 
phalts could then precipitate, result- 
ing in a decrease in potential pro- 
ductivity. The extent of precipita- 
tion will depend on the nature of 
the native oil in the formation. 
Formation crude containing large 
amounts of light ends will precipitate 
more asphaltic material from a frac- 
turing oil than a crude with small 
amounts of light fractions. 


In summation, the three major 
constituents of refined oils used as 
fracturing fluids, may function in 
several ways. The asphalts, waxes, 
and base oil individually and collec- 
tively affect the viscosity, sand-fall- 
ing rate, fluid loss, and compatibility 
of the oil with produced crude oils. 
Asphaltenes, in the asphaltic portion, 
and wax crystals impart low sand- 
falling rates at lower viscosities than 
would be required for a base oil, 
alone. A significant disadvantage of 
the asphalt and wax is their tendency 
to plug minute flow channels, and to 
contaminate produced crude by pre- 
cipitation of insolubles, when diluted 
in the formation. To induce low 
fluid loss by the use of plugging 
materials is not necessarily harmful, 
if the material used to accomplish 
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TABLE 3—EFFECT OF CONSTITUENTS OF A FRAC- 
TURING OIL ON FLUID LOSS 


Composition: 15% Asphalt, 20% Wax, 65% Base 
Oil (20 cp at 80° F measured with Ultra-Viscoson) 
Test Fraction of Oil Fluid Loss (API Code 29) 
75 ml/30 min 100 ml/30 min 


1 Original oil 
2 with asphalt 

removed 70 ml/30 min 400 ml/2 min 
3. with wax 

removed 75 ml/30 min 90 ml/30 min 
4. w/wax & as- 

phalt re- 

moved 400 ml/4 min 400 ml/2 min 
5* High Viscosity 

base oil 400 ml/13 min 400 ml/5 min 

(no asphalt, 

no wax) 
*Viscosity of 140 cp at 80° F (Ultra-Viscoson) 
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this is easily removed by dissolution, 
decomposition, or other assured 
means. Removal is usually difficult 
to accomplish in the case of asphalts 
and waxes. 

The most satisfactory refined oils 
for use in fracturing should be ones 
without appreciable amounts of 
waxes, and especially asphaltic ma- 
terial. A more desirable fracturing 
oil would be one whose viscosity, 
sand-falling rate, and possibly fluid 
loss are a function of the base oil 


itself. Using this type of oil should 
result in more complete compatibil- 
ity with the crude oil. In addition, 
a minimum of foreign deposits would 
be introduced to restrict flow through 
the newly fractured formation, and 
maximum benefit could be realized 
from the treatment. 


RoE 


1. Sachanen, A. N.: Petr. Z. (1925) 
21, 1441. 
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TECHNICAL NOTE S321 


SOME USEFUL TABLES for APPROXIMATING SMOOTH CURVES 
by FIFTH-AND-LOWER DEGREE POLYNOMIALS 


H. H. RACHFORD, JR. 
W. P. SCHULTZ* 
JUNIOR MEMBERS AIME 


INTRODUCTION 


The use of computing machines to solve physical 
problems has made it imperative to represent physical 
data in a form computing machines can use. Although 
curve-fitting is an old and well-practiced art, there still 
seems to be some interest in questions regarding what 
methods can be used and why. Even though there are 
many good references on this subject, it may be of some 
value to discuss a particular method which has been 
found to be useful, and to make available the associated 
tables for its use in the hope that there can be saved 
a few of the tedious hours necessary to reduce many of 
the suggested methods to practice. Although a very brief 
discussion of the mathematical background of the tables 
is included immediately below, those interested only in 
their use can skip directly to the section on Use of the 
Tables. 


Direct FIT OF A SET OF POINTS 


A frequently encountered problem is: Given data 
which can be represented by a smooth curve (x), to 
find an easy-to-evaluate function F(x), with only a few 
coefficients, which is a good approximation of ¢(x) on 
the interval 0 < x < x,. Consider F(x) as a linear com- 
bination of m + 1 arbitrary, single-valued, continuous, 
linearly independent functions, f;,(x), 

If the value of #(x) 1s known or can be read from the 
$(x,), and if n = m, then all the coefficients of F(x) 
can be determined, and F(x,) — #(x;) = 0 for j = 0, 1, 

_n. This follows from the solution of the set of linear 
simultaneous equations. 


= + +... Amfm(%o) 


for the coefficients « a; 
Although the set a, from the solutions of the set of 
Equations 2 yields an F(x) which gives an exact value 
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of $(x,) for the n + 1 points, there is no restraint on 
F(x) in the interval x, < x < x;+,. Indeed, if the points 
$(x;) are not sufficiently smooth, very serious differ- 
ences may arise between F(x) in the interval and the 
smooth curve f(x). 


LEAST-SQUARES FIT 


It has been suggested’ that if n is made to exceed m, 
and the set a; is found to minimize the function 


j=0 


the function F(x) is much less sensitive to small errors 
in $(x;), and usually provides a much better fit to the 
smooth function ¢(x). This is known as the best fit in 
the sense of the least-squares error. 

To minimize y, set 


0a; 
The m + 1 equations from Equation 3 are 
k=n k=n 
a, fo(Xx) + a 
k=0 k=0 
=n 
one equation being obtained for each i= 0, ik Soli: 


Inasmuch as the arbitrary functions f;(x) may He evalu- 
ated .n, and the $(x,) are known 
values of the curve to be fitted, the simultaneous Equa- 
tions 4 may be solved for the set a;. 


PARTICULAR FUNCTIONS 


Given the functions f,;(x) and the set ¢(x,;), the solu- 
tions for a; require evaluating a number of sums of 
as as the solution of + 1 order set 


1Reference given at end of paper. 
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of simultaneous equations. Much of the work can be 
done once and for all if there is chosen a standard set 
of f,(x) for the approximating functions and a standard 
set of (x;) where ¢ is to be approximated. Then the 
Equation 4 can be solved for the set a; to give the 
solutions 


j=n 


requiring at most m + 1 sums of n + I products to 
evaluate all the coefficients in F(x) for a given set 

The validity of Equation 5 may be seen most easily 
by the use of matrix notation. Equation 4 may be writ- 
ten as 


= [G]a(@,) (6) 


k=n 
where the element of [D] is d,,, = the 
k=o 


element of [G] is g,,, = f,(%,), a 1s the column vector 


of m + 1 coefficients, and $(x;) is the column vector 
of n + 1 values from the curve ¢(x). Premultiplying 
Equation 6 by [D]”~ gives 


a, = [D]"* [G]o(a,) = [B]6(x,), (7) 
which is equivalent to Equation 5 where the coefficients 
b,; are the elements , of the matrix [B] = [D]~* [G] 
of Equation 7. 


NUMERICAL VALUES FOR [B] 


The functions f;(x) were chosen as f;(x) = x' and the 
interval O < x < 1 was divided into 10 equal parts by 
the set x; = j/10, 7 = 0, 1,... 10. Tables 1 through 5 
present the numerical values of the elements of [B] for 
m = 1, 2, 3, 4, and S, respectively. An estimate of the 
precision of the individual elements has not been made, 
but tests with simple functions, e.g., y = x, y = c, yield 


USE OF THE TABLES 


This description is included to assist readers who have 
no taste for the foregoing discussion but who, nonethe- 
less, should like to fit graphical data with polynomials of 
degree five, or lower. 

Given a smooth curve y as some function of x, an 
interval on the x-axis must be selected for which the 
curve y(x) is to be fitted. By translation of the origin 
and change of scale, the interval along the x-axis must 
be made to be 0 < x < 1. This interval must be divided 
into 10 sub-intervals by 11 equally spaced points, x = 0, 
0.1, 0.2... 1.0, and the 11 corresponding values of y 
must be read off the curve y(x). Now the coefficients of 
a polynomial to approximate ¢ in the interval can be 
obtained using the appropriate table. 

Consider finding the coefficients of the third degree 
polynomial 

by use of Table 3 and the 11 points from a curve y(x). 
The value of a, is found as the sum of the products of 
the 11 values on the top (x°) line of Table 3 with the 
11 values of y(x) taken from the curve at the points of 
x corresponding to the values in the heading of the 
tables. The value of a, is found similarly by using the 
second (x’) line of Table 3. The polynomial with the 
four coefficients evaluated by using Table 3 in this way 
is the unique third degree polynomial which minimizes 
the sum of the squares of the 11 differences between the 
value of the polynomial at the points x ORORIES OW 

1.0 and the y-values used in forming the sums of 
products. 

It might be well in conclusion to point out that many 
smooth curves y(x) are not approximated well by poly- 
nomials. It is always advantageous to evaluate the poly- 
nomial at the 11 input points to check the closeness of 
fit. In the event y(x) is not approximated well by a poly- 
nomial, log y, y", or some other easily evaluated func- 
tion of y may yield a better fit. Judgment and experience 
will help in selecting the best function of y to use. 
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approximations which are better than one part in 10,000. ak 
TABLES 1-5 — NUMERICAL VALUES OF ELEMENTS OF [B] FOR m = 1, 2, 3, 4, and 5, RESPECTIVELY 
I 
0.31818182 0.27272727 0.22727273 0.18181818  0.13636364 0.09090909 ~—-0.04545455 0 -0.04545455 -~0.09090909 -0.13636364 
z -0.45454545  -0.36363636 -0.27272727 -0.18181818 -0.09090909 0 0.09090909 0.18181818 0.27272727 0.36363636 0.45454545 
0.58041958 0.37762238 0.20979021 0.07692308 -0.02097902 -0.08391608 -0.11188811  -0.10489510 -0.06293706 0.0139860 
z!  -2.20279720  -1,06293706 01561715 0.51748252 0.95804196  1.16550117 _—-1.13986014 0.88111888 0.38927739 -0.33566434 -1.29370630 
1.74825175 0.69930070  -0,11655012 -0.69930070 -1.04895105 -1.16550117 -1.04895105  -0.69930070 -0.11655012 0.69930070 1.74825175 
2 0.790210 0.335664 0.055944 -0.083916 -0.118881 0.083916 0.013986 0 
.0839 -0. -0. .055944 0.090909 0.055944 -0.0 
z' -5.536131 -0.396270 2.288267 3.073038 2.513598 1.165501 -0.415695 -1.674437 -2.055167 -1.002331 2 
10,489510 -1.048951 6.526806 7.400932 5.128205 -1.165501 3.030303 6.002331 6.293706 2.447552 6.993007 
-5 827506 1.165501 4.273504 4.467754 2.719503 0 -2.719503 -4.467754 -A 273504 -1.165501 5.827506 
IV 
7 0.916088 0.209791 -0.069930 -0.104896 -0.034965 0.0. 6 
32.342712 -22.902078 -28.379969 -11.043142 9.440552 20.687627 17.599063 2.360142 -15.559437 -19. 405598 14.860128 
-40.792541 36.130538 39238541 10.295260 -20.590523 -34.965031 -26.029529 1.359748 30.691527 33.799532 -29.137522 
z 17.482518 -17.482518 -17.482518 2.913752 11.655012 17. 482518 11.655012 2.913752 -17.482518 ~17,482518 17.482518 
Vv 
2 0.973771 0.094415 0.089159 -0.027978 0.041952 
69. 600090 -97.416930 -40.799092 38.633413 59.117073 20.687646 32.07749% 7. 55. 
ae -34.965035 113.91956 141. 30869 -4,296017 ~176.12417 
137.66779 -257.85294 -57.544256 157.33315 171.90190 17.482476 -148,.59201 -163.16058 22.579454 222.88802 
48074109 96.148218 16.024703 -64.098512  -64.098812 0 64.098812 64.098812 -16.024703 ~96.148218 48.074109 
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